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ABSTRACT
Tw elve h e te ro cyc lic  rin g  compounds have been prepared 
and a high re so lu tio n  N uclear M agnetic Resonance study o f each 
c a rrie d  ou t. In  p a rtic u la r, so lvent e ffects and coupling constants 
have been studied. Some a x ia l and equa toria l sh ifts  o f m ethylene 
protons w ere found to be reve rsed  com pared to the p red ic ted  
s itu a tio n . O bserved coupling constants have been found to be 
s lig h tly  solvent dependent. Some in te re s tin g  values o f coupling 
constants prom pted a fu ll X -ra y  c ry s ta l ana lysis o f two o f the 
compounds. T h is  has been done, y ie ld in g  bond lengths, bond 
angles, con figu ra tion  around the phosphorus atom  and con fo rm a­
tio n  o f the h e te ro cyc lic  rin g , a ll in  the so lid  s ta te . D ihed ra l 
angles fo r  P - O -  C - H system s have been ca lcu la ted  and an 
attem pt has been made to c o rre la te  observed coupling constants 
w ith  d ihedra l angles and e le c tro n e g a tiv ity  o f substituen ts .
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INTRODUCTION
The idea of ’’Gonformational Analysis** was born relatively 
recently and is understood to be that branch of science which is
concerned with the detailed spatial structure of the molecule. The
?molecular "Conformations" have been defined by Klyne" as denoting 
the different arrangements in space of the atoms in a single 
classical organic structure (configuration); the arrangements 
being produced ny rotation or twisting (but not breaking) of bonds.
However the origin of conformational analysis can be traced back
5 u.to the late 19th Century when Van't Hoff and LeBel began their
research into mirror image isomerism. Together their theories
incorporated two basic hypotheses, both of which were confirmed 
2 0
laterg= the tetrahedral theory and the principle of free rotation.
5Baeyer , in his strain Theory extended the original work and 
tried to show the dependence of ring formation on the number of ring 
components. He used the regular tetrahearon (lowest energy) for his 
atomic model, but assumed a planar structure for cyclic aliphatic 
coÿipounds, Since some molecules of this type can only be formed with 
distortion of the tetrahedral angle, energy must expended and this 
expenditure Baeyer called angle « strain, Bachse^ wanted strain
free rings and so had to make his model of cyclohexane non-planar,
\In fact it could be constructed strain - free In two forms.
I  I
I being called "chair" or "rigid" form where free rotation is 
prevented and II being called "boat" or "flexible" form which 
is not completely rigido If the principle of free rotation as used 
for acyclic compounds is taken into account then two cyclohexanes and 
two monosubstituted cyclohexanes should exist. However this type of 
isomerism had never been observed in the case of cyclohexane and so 
Sachs© “ 8 postulate of a spatial structure was ignored for a long time. 
Meanwhile cyclohexane and all other rings were still regarded as planar, 
in 1918 Mohr^ demonstrated with a model that the two forms of the 
cyclohexane were interchangeable without requiring a great amount of 
Activation jsnergy. The interchanging arises, Mohr claimed, from the
Qflipping over of two carbon atoms. Experimental confirmation for 
the Sachs© - Mohr Theory was soon obtained. In the flipping over process 
a very small distortion of the tetrahedral angles occurs and to a 
certain extent free rotation is still possible along some bonds. 
Heteroatoms will alter tetrahedral angles but in general similar
21strain and Isomeric conditions will exist in heterocyclic compounds,
What makes conformation analysis possible is the fact that 
certain chemical and physical properties of organic compounds are 
related to preferred conformations. The methods used can be divided 
into two main groups g- physical methods and chemical methods. We 
shall be interested in the present study with the former. These
comprise, electron diffraction,'^^ x-ray diffraction,determination
12 1 ‘5 of dipole moments, ultra-violet and infra-red spectroscopy,
Raman-spectroscopy,microwave s p e c t r o s c o p y , t h e  Kerr effect
17measurement of optical rotary dispersion, just recently Ultrasonic 
R e l a x a t i o n , and finally Nuclear Magnetic Resonance^^
The two methods used to study the conformational analysis 
of the compounds under review here have been x-ray crystallography and 
Nuclear Magnetic Resonance (N.M.R). These are both discussed in 
detail in later chapterg.
CHAPTER I
NUCLEAR M AGNETIC RESONANCE PHENOMENA
1 2Solvent E ffects '
Two fa c to rs  de term ine the sh ie ld ing  constant and hence the 
chem ica l s h ift o f a nucleus in  a spec ific  m olecule, the e le c tro n ic  d is ­
trib u tio n  w ith in  the m olecule and the nature o f the surround ing m edium . 
Thus the observed sh ie ld ing  constant can be represented by
a = a T O' -m edium  m ol
3Buckingham, Schaefer and Schneider, however, have studied m edium
effects  and suggest tha t a  its e lf has fiv e  sources ;m edium
V e d  =
is  p rop o rtio n a l to the bu lk diam agnetic su s ce p tib ility  o f the m edium . 
When m easurem ents a re  made w ith  the sam ple in  a c y lin d ric a l tube, 
as in  tile  present m easurem ents, = (2 /3 ) rr w here % is  the 
volum e s u s ce p tib ility  o f the m edium  ; a a rise s  fro m  the non-zero 
averaging o f the an iso tropy in  the diam agnetic su s c e p tib ility  o f the 
solvent m olecules; fo r  a d isc -shaped solvent lik e  benzene th is  is  
im p o rta n t and is  given by ;
c^ a = - 2 m  + X |)  /  3R ^
w here R is  the d istance between the nucleus in  the solute m olecule and
the cen tre  o f the so lvent m olecule and m  is  the num ber o f solute m olecules
-29ly in g  w ith in  th is  distance R . F o r benzene = - 9 x 1 0  .
a rise s  fro m  the weak Van der W aa l’s fo rces  between solute and so lvent
m o le c u le s ? '^  Two e ffects  co n trib u te  to :W
(a) an expansion o f the e le c tro n ic  environm ent o f the
solute n u c le i o rig in a tin g  in  a d is to rtio n , due 
to so lvent, o f the so lute fro m  its  e q u ilib riu m  
e le c tro n ic  con figu ra tion , and
(b) a tim e  va ry in g  d is to rtio n  o f the e le c tro n ic  en­
v ironm en t o f solute m olecules a ris in g  fro m  non- 
e q u ilib riu m  con figu ra tion  o f solvent m o lecu les ,
E ffe c t (a) is  independent o f tem pera tu re  but (b) should increase. Both 
lead to a negative is  due to the e ffect o f an. e le c tric  f ie ld  on
the sh ie ld ing  constant? I f  an Onsager m odel is  used to ca lcu la te  the 
reaction  fie ld  a ris in g  fro m  p o la r groups, then Og is  p ro p o rtio n a l to 
(e -1 ) (e +1 ), e being the d ie le c tric  constant o f the m edium . F in a lly ,
Cgj w hich is  u su a lly  the la rg e s t te rm , is  the re s u lt o f spec ific  so lve n t- 
solute in te ra c tio n s , such as hydrogen bonding. Buckingham and co-
3w o rke rs  have tested th e ir  equation fo r both p o la r and non -p o la r 
solutes in  a v a rie ty  o f liq u id  so lvents. Specific so lven t-so lu te  in te r ­
actions w ill now be discussed.
A ro m a tic  Solvents
A ro m a tic  compounds have weak com plexing p ro p e rtie s  ; n e ve r­
the less, benzene and o thers often produce la rg e  changes in  the chem ica l 
sh ifts  o f polarisa,b le  so lu te s . These can be explained as due to the la rg e  
diam agnetic an iso tropy associated w ith  the e x is tin g  induced r in g  cu rre n ts  
in  a rom atic  s. A  p re fe rre d  so lu te -so lve n t o rie n ta tio n  w ill re s u lt i f  a weak 
com plex is  fo rm ed  and the re s u lt w ould be a s h ift in  the resonance position  
re la tiv e  to tha t o f the non-com plexed so lu te . W hether the s h ift is  too h igh 
o r low  fie ld  w ill depend on the na tu re  o f the com plex. Schneider and 
Reeves^ have shown tha t the hydrogen resonance s igna l o f ch lo ro fo rm  
moves by 1 .5  p .p .m . to h igh fie ld s  on going fro m  pure c h lo ro fo rm  to 
a 5 pe r cent, so lu tion  o f c h lo ro fo rm  in  benzene. T h is  s h ift is  explained 
as due to a p re fe rre d  o rie n ta tio n  o f the com plex w hich is  shown below :
Thus, the hydrogen nucleus experiences an applied fie ld  w hich is  
reduced in  m agnitude by the induced fie ld  w hich a rise s  fro m  d ia - 
m agnetic r in g  cu rre n ts  in  the benzene m olecule. I t  has been shown 
that m olecules w hich have hydrogen atom s w ith  some degree o f 
charge po la risa tion , experience a s im ila r  e ffe c t.
Schaefer and Schneider^ have found tha t in  unsaturated 
h e te ro cyc lics  the sh ie ld ing  o f r in g  protons depends v e ry  much on 
so lvent e ffe c ts . They com pared chem ica l sh ifts  m easured in  s o l­
vents such as benzene and acetone, w here spec ific  so lven t-so lu te  
in te ra c tio n s  w ould be expected, w ith  those in  hexane so lu tion , a 
re la tiv e ly  in e r t so lven t. They found tha t acetone deshielded the 
a-hydrogen n u c le i in  p y rro le , thiophene and fu ran , whereas benzene 
increased  sh ie ld ing . M oreove r, in  benzene so lu tion  the hydrogen 
nuc le i nearest to the e lectronega tive  atom  was affected to a g re a te r 
extent.
In the equation g iven p re v io u s ly  fo r  the sh ie ld ing  constant
cr ^m ed °^mol
^m o l value fo r  the 'iso la te d  m o lecu le ’, id e a lly  a gaseous
sam ple at low  p ressu re s . F o r so lids the 'iso la te d  m o lecu le ' can be 
approxim ated to by using a d ilu te  so lu tion  o f the compound in  an in e rt 
so lvent. In  the present study an a ttem pt has been made to study the
e ffe c t o f benzene, as a so lvent, on the dioxapho spho rinanes under
observa tion . The compounds have th e re fo re  been exam ined in
CDCH a n d C .D .,3 6  6
1 2  7A na lys is  o f N uclea r M agnetic Resonance Spectra ' '
In  genera l, a resonance o f a given nucleus w ill be s p lit 
in to  (n + 1 ) lin e s  by n m agne tica lly  equivalent n uc le i w ith  spin 
num ber I  = i  p rovided J «  6 w here J is  the coupling constant 
between the in te ra c tin g  n u c le i and 6 th e ir  chem ica l s h ift 
d iffe re n ce . I f ,  however, J is  not «  6 , o r m ore than one non- 
equivalent nucleus is  invo lved  and 6 < 10J, the s itua tion  is  m ore 
com plex. To obtain values o f chem ica l sh ifts  and coupling con­
stants, the spectra  m ust be given a fu ll quantum m echanical 
a na lys is . T h is  ana lys is re q u ire s  the fo llo w in g  stages :
1 , O btaining the basic p roduct spin wave functions fo r  
the p a rtic u la r system  being analysed,
2, W orking  out the expression fo r  the H am ilton ian  o p e ra to r.
T h is  is  given by^
K  = + I  +  ZZ J I  I  (1)
1 j U  I J
where v. is  the lin e a r frequency fo r  the i  th  nucleus and is
W i _ Y .H .
2 tt 2 n
W^ being the resonance frequency in  angular u n its , the m agnetogyric 
ra tio  o f the i  th  nucleus and H^ the resonance fie ld  fo r  the i  th nuc leus. 
H^ is  given by H^ (1 -  w here H^ is  the applied m agnetic fie ld  and a. 
is  the screening c o e ffic ie n t fo r  the ith  nucleus. In  equation (1 )X  is  the 
sp in -angu la r momentum  o p e ra to r w ith  components (1^^, I^^, l^^) and 
is  the coupling constant between n u c le i i  and j,  in  H e rtz .
3, The energy le ve ls  and wave functions a re  then found by
(2)
9so lv ing  the tim e  independent S chrddinger equation :
(3)
To do th is  the wave function  is  taken to be a lin e a r com bination o f an 
eigen function  In th is  case the wave functions m aking up the H am ilton ian
m a trix  a re  lin e a r com binations o f product spin functions w hich a re  s im u lta n - 
eous eigenfunctions o f I^  andJL" ,
4 . Having found the energy le ve ls  o f the system , se lection  ru le s  fo r  
tra n s itio n s  between the le ve ls  o f ijr and a re  applied :
(a) Am  = -1
(b) A'J2 = 0
(c) and m ust belong to the same 
irre d u c ib le  represen ta tion .
A llow ed tra n s itio n s  g ive r is e  to the resonance lin e s  observed in  the spectra .
5, F in a lly , tra n s itio n  in te n s itie s  a re  ca lcu la ted . These in te n s itie s
I —, J ^a re  p rop o rtio n a l to j | ) | w here and a re  eigenfunctions o f
the H am ilton ian  a n d X  is  a " lo w e rin g " o pe ra to r and = I^  - i l ^  .
In  the compounds under study the sp in -sp in  system  was usua lly  
A A 'B B 'C D X , T h is  cou ld  be decoupled to g ive an A A ’BB'X system  and 
w here r in g  coupling is  sm a ll, th is  approxim ates to an A B X  case. The 
deta iled  ana lysis o f the A B X  case is  discussed below ,
A B X  System
The A B X  system  consists o f th ree  non -equ iva len t m agnetic n u c le i, 
two o f w hich have and a th ird  nucleus X w hich has a chem ica l
s h ift d iffe rence  fro m  the o th e r two w hich is  la rg e  com pared w ith  the coupling 
constants o r . In the present case X represents the phosphorus
nucleus. F o r th is  system  th ree  resonance frequencies and th ree  coupling 
constants a re  needed to describe  i t  com ple te ly . T h is  can be seen fro m  the 
d iagram  below :
^0
The basic product functions a re  fro m  to consecu tive ly aac^ , 
t a^oip  pcvo', p/g |3, g a p ,  3 3 a and 3 3 3 , Since the system  
has no sym m etry p ro p e rtie s , these functions a re  them selves used as 
a basis fo r  the fo rm a tio n  o f the wave fu n c tio n s . The H am ilton ian 
ope ra to r fo r  the system  using equation (1 ) above is  :
^  ^AB ^AZ ^BZ ^AX ^A ^XÙ Li Ù Li Ù
^BX ^Bg ^Xg  ^^AB  ^^A B^ ’'A ^B  ^ ^ ^AX  ^^A ^X ^A ^X ^
"""  ^^BX ^^B &  """^B^X^)
w here I  and I a re  the " ra is in g ” and "lo w e rin g ” ope ra to rs  o f the spin 
angular m omentum  and a re  given by :
= I  + i l  X y
r  = I  “ I I  X y
The s ta tio n a ry  state energy le ve ls  and wave functions (fo u r n on -m ix ing
basic product functions and fo u r m ixed  functions) obtained fro m  so lv ing
equation (3) a re  g iven in  T ab le  (1,1.
1 o
TABLE 1 ,1 ,
Wave functions
Kl
* 2
h
h
^5
^ 6
K?
*^8
9>.
0 .
(C08 8 ^)|Dg +  (Slne^)|Z)^ 
-(Sinj&^)jZ )3 + (Cos!Z)^)!D^ 
(Cose_)!»5 +  (Sine_)S?)g
(S in e jp g  +  ( C o s e j j a g
p .
E nergy leve ls
^ ^ ®AB L x  ^BX^
2 ( v ^  +  V g  “ V ^ )  +  4 G  A D ” I â v  ”  Jd v )'AB ■'AX ■’BX'
f  v„ - 4 J a b - dX
2  ( -  V a  -  V b  +  v ^ )  +  4  0 _ ^ g  -  '  ^ B >
è ( -  Va  - Vg - Vj^) + i  O ao + J a v  + J i'AB •’AX -"m
D , D and the angles 0 and 0 (ly in g  between 0 and rr ) a re  defined by°  "-f-
the fo llo w in g  equations :
D , Cos2 0 ,+ +  ^(^A  '  V  ^A X  " ^BX^
D ^ S in 2 e^ = i j ^ g
D Cos 2 e (5)
Thus
D Sin 2 0 
D
= è j AB
{ [  2 (V ^ - Vg) + 4 - Jg^) ]  +  4 J^B ^+
2 . -2D_ = { C i ( v ^  - V g ) - 4  Oa y  - J r v ) ^  + 4  Ja r ]
L x  '  ^BX
^A - ' 'b
AX "BX'
1
'AB
= [(D + + iJA B ) ( L  - ( °
( ° +  '  ^  L b  ^ '  ^ ^A X  ~ ^BX^
2 J^g ) ]  (6 )
(7.
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When se lection  ru le s  and tra n s itio n  p ro b a b ilitie s  a re  w orked out between 
the e ight energy le ve ls , i t  is  found tha t th e re  a re  fifte e n  possib le  tra n s itio n s , 
one o f w hich has zero in te n s ity  and two o f w hich have v e ry  low  in te n s ity . 
T ra n s itio n  energies and re la tiv e  in te n s itie s  a re  given in  Table dL2.
O bservation o f th is  tab le  shows tha t can be obtained by 
sub tracting  the frequencies o f any one o f the fo llo w in g  fo u r p a irs  o f 
bands :
J = 3 - 1 = 4 - 2 = 7 - 5  = 8 -  6
2 Ja V + Jnv separation between m id -p o in ts  o f ( 8  7 3 4)I iiuA JjA  »
and (1 2 5 6 ).
and D can be ca lcu la ted  by sub tracting  frequencies o f the 
fo llo w in g  bands ;
2 D = 6 - 2  = 8 - 4+
2D  = 5 - 1  = 7 - 3
I I and j - Vg 1 can be obtained using equations (6 )
and (7) and hence J . and J can be determ ined. However, i t  is  notA A  oA
possib le  to id e n tify  fro m  D and unless the signs o f the coupling con­
stants a re  known, m ore  than one set o f assignm ents can be m ade. Any 
assignm ent m ust, how ever, obey the same subtraction  ru le s  as the 
tra n s itio n  e n e rg ies . The spectrum  in  fa c t consists o f two sym m e trica l 
quarte ts , usua lly  overlapp ing  fo r  the A  and B p a rts  and s ix  lin e s  fo r  
the X p a rt, two o f w hich a re  the com bination lin e s  o f low  in te n s ity . 
F ig u re  1,1.  shows a ty p ica l th e o re tica l A B X  spectrum .
F ig u re  1,1.
itX, n i L
X
*3
(^  Asa
.L
1 L j
J  L <4-
A8 I F ig u re  1 , 1
1 2  7Double Resonance ' ^
An inva luab le  technique in  N . M . R .  w hich can be used to s im p lify  
com plex spectra  is  double resonance.
Its  a im  is  to rem ove the e ffec t o f spin -coup ling  by applying an
1 2 1 3 1 4  15audio -frequency, ' o r second rad io  -frequency in  addition to the
one a lready used fo r  observa tion . B as ica lly , the m ethod invo lves the
irra d ia tio n  o f one group o f equiva lent n u c le i, w ith  a strong R . F . fie ld
close to th e ir resonance frequency. T h is  re s u lts  in  sa tu ra tion  and in
e ffe c t, decouples th e  ir ra d ia te d  nuc le i fro m  the rem a in ing  nuc le i and so
2the spectrum  is  s im p lifie d . Double resonance has o ther app lica tions : 
i t  m ay help to determ ine the position  o f a resonance lin e  w hich is  its e lf 
com ple te ly  obscured by o th e r resonances but w hich is  coupled to a 
second proton w ith  an observable resonance pa tte rn  ; i t  m ay be used 
to show tha t two protons a re , in  fa c t, coupled w here th is  is  not 
im m e d ia te ly  obvious and fin a lly , i t  he lps, in  some cases in  de te rm in ing
re la tiv e  signs o f coupling constan ts ,
1 2In  1956 Anderson dem onstrated fo r  the f ir s t  tim e  tha t ch e m ica lly  
non-equiva lent n u c le i cou ld  be decoupled. He used a tw o -c ry s ta l co n tro lle d  
rad io  "frequency o s c illa to r w hich had a co n tro lle d  frequency d iffe rence .
The V artan HA 100 spectrom ete r was used fo r  the fin a l re su lts  and c a l­
cu la tions given in  C hapter 4 and, in  some cases, spin decoupling was 
necessary to s im p lify  the spectra . The method o f spin decoupling on the 
HA 100 re q u ire s  a knowledge o f the system  o f opera tion  fo r  the in te rn a l 
lo c k , The double resonance experim ents a re  best carved out w ith  the 
spectrom ete r in  "frequency sweep" m ode. T h is  invo lves m odulation 
o f the 100 mHz centreband w ith  a m anually co n tro lle d  audiofrequency,
(jüg, w hich is  "locked" on a re fe rence  absorption a t H^ in  the spectrum , 
e .g , te tra m e th y ls ila n e  TM S .
(i)100 mHz 1 swept o s c illa to r
centrebanâ w ^  ^
I 2
* " e H in iirb s m lla to r 1 
! ^3  I
I manual ' ;
, o s c illa to r J ^
i lo ck  1 É(a
3 2
upper audio side bands
i l l ,
A swept o s c illa to r excites the resonances in  the spectrum . 
To c a rry  out spin decoupling a manual ex te rna l o s c illa to r, at high 
am plitude is  set such tha t the frequency corresponds to the resonance 
a t H^ w hich is  to be decoupled. The swept o s c illa to r, oj^, is  used as 
the a n a ly tica l channel.
Techniques and Instrum ents Used
) In it ia l spectra 
P erkin  E lm e r R 10 j  V a ria b le  Tem pera tu re  w ork
) Phosphorus P^^ probe
10
Perkin E lm e r R 12
Jeol 100 M egacycle
) Decoupling o f one compound 
) 2 ,5 -d iphenyl-2 -oxo- 1 , 3 ,2 -dioxaphosphorinane
V a ria n  HA 100
) Spectra a t 31, 5^C 
)
) Decoupled spectra
) Phosphorus (P^^) spectra
Broad lin e  N .M .R , o f 2 -phenyl -2 -oxo -1 ,3 ,2  -dioxapho spho rinane and
4 ,4 -d im e th y l-2 -pheny l-2 - 0 X 0  -1 ,3 ,2 -dioxapho spho rinane w ere  run at
I . e . I .  Runcorn and fo u r compounds w ere  run on the 220 m egacycle 
in s trum e n t also a t R uncorn.
uCHAPTER 2 
HETEROCYCLIC PHENOMENA
1 2Although h e te ro cyc lic  compounds have rece ived  much a tten tion , ' 
only re ce n tly  has the conformation o f phosphorus heterocyclics aroused 
in terest. In  p a rtic u la r, 2 , 2 -d is u b s d tu te d -l, 3 ,2 -dioxaphosphorinanes 
a re  interesting because o f the con figu ra tion  around the phosphorus atom  
and the possibility of the phosphor inane r in g  having a *chair' o r 'boa t’
fo rm . T h is  la tte r possibility has been investigated by X-^ray
3 4 5c rys ta llo g ra p h y  ' and m ore  recendy by N .M .R ,  ; the form er by X -ra y
studiesf  dipole m om ents ^ and only te n ta tive ly  by N .M .R P
N uclea r m agnetic resonance how ever, could be an e spec ia lly
valuable too l fo r  the above confor m ationa l stud ies, i f  I t  could provide
a qu ick, re la tiv e ly  easy and unambiguous analysis. That th is  is  m o s tly
the case in  con fo rm ationa l analysis w ill be shown below.
The phenomenon of c h e m ic a l-s h ift has aided the assignm ent
o f a x ia l and equa to ria l substituents and that o f sp in -sp in  coupling
has helped the assignment of ’boat’ o r ’ch a ir’ fo rm . C onfiguration
around the phosphorus has proved to be m ore d iff ic u lt.
A x ia l-E q u a to ria l Analysis
9 12Num erous experiments ’ ' have shown tha t a x ia l ring protons (or groups)
10absorb at h ighe r f ie ld  than doj th e ir equatorial counterparts, jackrnann 
attributes this to a long range shielding e ffec t connected with the d ia­
magnetic anisotropy o f d ie  c a rb o n .-c a rta i single bonds which bear a 2 -3
re la tio n sh ip  to the absorbing protons. In  the reference just quoted, Jackrnann
11uses the M cC onnell equation to show q u a n tita tive ly  that a d iffe rence  in 
chemical s h ift between the a x ia l and equa toria l protons, see f ig .2 .1 , is  
to be expected. This equation wa.s o rig in a lly  derived as an approximate
Mrelation for an axially symmetrical group of electrons Q and li
aO’acWi
where T  is the distance between the proton and the electrical centre
of gravity of G (in the present case the mid-point of the single bond);
G is the acute angle which r makes with the symmetry axis, and a is the
shielding, indicates that this has been averaged over all
orientations of the system)and % % are longitudinal and transverseL * T
magnetic susceptibilities respectively« It can be seen from figure 2*1 
that the bonds will have a different r &  ® value for the axial proton and
the equatorial proton.
The •» Gg and - G^ bonds are symmetrically orientated with respect 
to the two protons at C and thus make an equal contribution to their 
shielding, Jackrnann concludes that the H will be deshielded by 2g3 and 
586 bonds and that the axial proton will be shielded. The value he 
calculates for o is 0 , 4 0 w and this is in agreement with experimental 
values.
Figure 2.1
{ s
The effect of the 3s4 and 4:5 bonds is taken as negligible. When the 
ring system is heterocyclic an uncertainty in the location of the 
electrical centre of gravity of thehetero-bond arises making application 
of the McConnell equation difficult. However, experimental evldence^^ 
suggests that the carbon - oxygen single bond has a similar magnetic 
anisotropy to that of the carbon - carbon single bond. Thus Jackrnann"s 
theory could be applied to systems containing carbon = oxygen single
bonds. No such quantitative analysis can be made when a hetero - atom
1
such as phosphorus is introduced since the value of ( X  _ « X^) can not 
be calculated for a bond containing phosphorus. However, unless this 
value is positive (it is negative for C » G, G - 0) then H will be 
deshielded as before and shielded - the only change will be in the 
magnitude of the chemical shift difference.
Although Jackrnann saw his analysis as nothing more than "a promising 
approach" and although he maintained that "a number of critical experiments 
are required to establish the utility of proton chemical shifts for 
conformational analysis of cyclic systems", no further advance has been made 
and it is generally accepted^^ that axial protons resonate at higher 
field than equatorial protons.
(9
R ing C onform ation
A ttem pts have been made fo r  many years to t r y  and re la te
coupling constants between two atom s w ith  th e ir  angular re la tio n sh ip .
I f  such a re la tio n  e x is ts , then N .M .R , w ould p rovide  a d ire c t method
fo r  d is tingu ish ing  'c h a ir ' and 'boat* c y c lic  conform ations, since
d ihed ra l angles between bonds are d iffe re n t fo r  these.
15In 1959 K a rp lus postulated such a re la tio n sh ip  fo r  v ic in a l
p ro tons, i.e .  H - C - C ' - H '  and th is  has been fo llow ed  by many s tru c tu ra l
1 6 1 7 1 8  19N .M .R . stud ies. ' ' However, in  1963 K a rp lus  stressed  tha t
d ihed ra l angle dependence is  not the on ly  one fo r  v ic in a l protons and he
ou tlined  fo u r m ain fa c to rs  tha t con tribu te  to the s ize  o f the coupling
constan t.
1. A ngu la r Dependence
Using an unperturbed, non -io n ic  s ix -o rb ita l fragm ent H C C 'H
to determ ine the contact in te ra c tio n , K a rp lus de rived  an equation fo r
v ic in a l proton coupling :
J = 4 .2  - 0 .5  Cos (D+ 4 . 5  Cos )Z)
T h is  equation is  a 'z e ro -o rd e r' approxim ation, "the v a r ia b ility  o f the
observed coupling constants is  not p red icted  by the s im p le  m odel 
1 5cons ide red ," and fu rth e r re finem en t was seen to be necessary. A
m od ified  experim en ta l ve rs io n  o f K a rp lu s ' f ir s t  equation has been
20postulated by W illia m so n ,
J = lO C os^  jZ) 0 a 0) a 90°
J = lôCos^iZ) 90° s: jZ) £ 180°
However, fo r  any such equation, agreem ents w ith  experim enta l values
21a re  on ly  approxim ate . A  re s u lt o f the above re la tio n sh ip  is  tha t in
r in g  compounds, a x ia l-a x ia l coupling w ill be g re a te r than a x ia l-e q u a to ria l
21o r e q u a to ria l-e q u a to ria l in te ra c tio n s . E xperim ents have co n firm e d  th is .
AO
2. E le c tro n e g a tiv ity
In tro d u ctio n  o f a substituent whose e le c tro n e g a tiv ity  d iffe rs  fro m  
tha t o f the hydrogen atom  w ill cause p e rtu rb a tio n . Changes in  h yb rid isa tio n
around carbon atom s re s u lts  and the coupling constants w ill a lte r. T h e o re t-
19 22ic a l ca lcu la tions and experim enta l observations suggest tha t the
coupling constant decreases as the e le c tro n e g a tiv ity  o f the substituent
increases.
3. Bond Angles
V ic in a l coupling w ill also depend on Q and 6 * w here 6 = < H C C
and 0 ’ = K a rp lu s  using a fragm ent~m odel ca lcu la tion  p red ic ted
tha t i f  the d ihed ra l angle is  constant and 0 and 0 * increase, then
23I , , , , ,  w ill decrease.H H
4. Bond Lengths
F in a lly , fo r  constant bond angles, the v ic in a l coupling is  expected
to decrease fo r  an increase  in  C - C bond length . In  fa c t fo r  th is  case,
ca lcu la tions y ie ld  an a lm ost lin e a r dependence fo r  e thylen ic system s,
24in  agreem ent w ith  experim en t.
K a rp lu s ’ in it ia l w ork has since been applied to coupling between
v ic in a l hetero atom s, inc lud ing  flu o rin e  and phosphorus couplings w ith
25pro tons. In  1966 Benezra andO urisson , tak ing  a ll fo u r co n trib u tio n s
in to  account, showed th a t J p „ i n a H - C - C - P  system  approxim ated to
26a K a rp lus re la tio n . In  1967, Tsubo i and co -w o rke rs  dea lt w ith  m olecules 
showing fre e  ro ta tio n . They deduced a re la tio n sh ip  fo r  proton-phosphorus 
sp in -sp in  coupling :
w here is  the coup ling  constant between the proton and phosphorus in  the
trans  re la tio n  and J tha t in  the gauche. A pp ly ing  th is  to a r in g  system
ë
Al
' "h L
nam ely the am m onium  s a lt o f 1 -h yd ro xy-4 -phenyl-1 , 3, 2 -dioxaphos 
phorinane-2 -oxide in  deuterium  oxide so lu tion , they obtained fo r  HA
Jg 1 ,5  cps
= 28.2 cps
observed
ca lcu la ted
27In  1968 H arg is  and Bentrude studied experim enta l re su lts  fo r  some
2 -dioxaphosphorinanes and they found these to be in  agreem ent w ith  a
28general K arp lus th e o ry . In  1969 Kainosho and NaKam ura, using 
observed coupling constants and values o f d ihed ra l angles, estim ated 
by photographs o f a d re ind ing  m odel, published the fo llo w in g  tab le  fo r  
the 5-m em bered r in g  o f 2 ,7 , 8 -trio x a -1  -phosphabicyclo [ 3 , 2 , 1 . ]  octane
JPOCH (Hz) P""
^AP 4 ,4 128
^BP 1,7 113
^CP 9,6 163
^GP 9,3 180
Jpp 2 ,5 60
XX
$
M alco lm  and H a ll have repo rted  angular dependencies fo r
r in g  protons in  2 -phenoxy-5 -5 -d im e th y l-2 -oxo -1 ,3 ,2  -d ioxaphosphorin 
ane as shown below :
H ^
X X 9 I
Signs o f coupling constants re po rte d  show gem lnal coup ling  constants 
as being negative and v ic in a l coupling constants as being p o s itive .
The re levance o f these re su lts  to the present study w ill be 
discussed in  d e ta il in  C hapter 4,
C onfigura tion  around the Phosphorus Atom
A x ia l and equa to ria l groups around the phosphorus atom  can be
d iffic u lt to assign using , e sp e c ia lly  when one o f the groups is
a doubled bonded oxygen as in  substitu ted  2  -oxo -d ioxaphosphorinanes,
R ecently, however, a tten tion  has focussed on these, X -ra y  ana lysis o f
th ree  compounds w ith  substituents B r, OH and OPh show tha t the P = 0
group is  e q u a to ria l. On the basis o f p re lim in a ry  d ipo le m om ent and
30N ,M ,R ,  m easurem ents, Verkade and co -w o rke rs  have proposed that
the m ethoxy group in  two phosphites
C hM
UIO-3
is  a x ia l, D ipole m om ents o f seven rin g  compounds in  benzene so lu tion
31have been re po rte d . These compounds include
C K . c o  ..
C
C i l
c  o ■ X
o
0  R
_ -n -b u ty lK = ,-n -p ro p y l
and a heterodyne-beat m ethod was used. I t  was found tha t P -0  bonds 
favou r the equa to ria l pos ition  ra th e r than a x ia l both in  so lu tion  and in  
s o lid .
alfw
CHAPTERS
EXPERIM ENTAL
ORGANIC PREPARATIONS
2 -m e thy l -2 -oxo -1 ,3 ,2  -dioxapho spho rinane
26,6 gm s, (0 , 2  m oles) o f m ethylphosphonic dichloride in  1 0 0  m l, o f 
d ry  toluene was added s lo w ly  to 15,2 grns, (0 , 2  m oles) o f trim ethylene g lyco l 
and 40,4 gm s, (0,4 m oles) o f trie th y la m in e  in  300 m l, o f d ry  to luene. The 
tem pera tu re  o f the m ix tu re  was kept between 0 °  and S^C by means of an 
ice -b a th . A fte r addition, the m ix tu re  was heated to 100^C for one hour, 
T rie th y la m in e  hydroch loride^ w hich was p rec ip ita ted , was filte re d  o f f , The 
solvent was rem oved under vacuum and the remaining solution d is tille d  under 
vacuum  to y ie ld  a clean liq u id  w hich distilled  over at 1 1 0 ^ - 1 1 2 ^C at
3 m m  Hg, On runn ing the N , M , R ,  spectra  of the product, i t  was found to 
contain a li t t le  1, 3 -p ro p a n e -d io l, F u rth e r d is tilla tio n  fa ile d  to rem ove
th is . On standing the c le a r liq u id  c ry s ta llis e d  out to give fin e  w h ite  
crystals, m ,p ,  97 - 99°C ( l it ,  m ,p ,  98 -  99°C ), Y ie ld  54 
2 -phenyl -2 -oxo -1 ,3 ,2  -dioxapho sphorinane
39 gm s, (0,2 m oles) o f phenylphosphonic d ich lo rid e  in  100 m l. of d ry  
toluene was added to 15,2 gms. (0 , 2  moles) of trim e th y le n e  g lyco l and 40.4 gms. 
(0.4 m oles) o f trie th y la m in e  in  300 m l, o f d ry  toluene. The tem pera tu re  was 
kept between 0° and 5°C . A fte r  addition, the m ix tu re  was heated to 100°C 
fo r one hour, a fte r w hich the am ine s a lt was filte re d  off.  The so lvent was 
rem oved under vacuum  and the rem a in ing  so lu tion was d is tille d  under reduced 
p ressu re . The pho spho rinane  d is tille d  o ve r at 158° C at 0.1 mm Hg as a c le a r 
liq u id  w hich c ry s ta llis e d  on standing to g ive fin e  w h ite  c ry s ta ls , m , p. 48°C . 
A na lys is  : C a lcu la ted : 54,55% C ; 5.56% H , Found : 54,57% C ; 5,78% H. 
Y ield  46.4%,
F o r the above two p repara tions the dryness o f the s ta rtin g  m a te ria ls  
was found to be c r it ic a l.
3.5
2=metbyl-2«o%o= 1 0 5 ,2= dioxat»sre>«<s«c=seisnt josSfiarjraiMwesw* ».m:=sia2jr<sertAu«wiKMi«c*lik&t<U:*ic»*.h*2»s***»*n^T*ro*i--*arKeyj
2606 gms (0*2 moles) of methylphosphonie fiichloride in 100 ml
of dry toluene was added slowly to 18*3 gm (0,2 moles) of butane = lj>if-diol
and 40*4 gms (0 ,4 moles) of triethylamine in 300 ml of dry toluene with
stirring. The temperature of the mixture was kept between 0° and
oAfter addition the mixture was heated to 100 G for one hour. After the amine 
salt had been filtered off, the solvent was removed under vacuum and the • 
remaining solution distilled under reduced pressure. The product distilled 
over at 141,3%Xt 16,3 mm Hg, On standing the liquid crystallised to give
fine white flaky crystals which were recrystallised from benzene, m*po63 “ 66°C
(lit. m.p»67.5 “ 69°C)’*' Yield = 42.2%
39 gms (0,2 moles) of phenylphosphonic dichloride in 100 ml of dry 
toluene was added slowly to 18 gms (0,2 moles) of butane=l,4-diol and 40*4 gms 
' c , t. moles) of triethylamine in 300 ml of dry toluene with stirring. The
temperature was kept between 0° and 5°C during addition and the mixture was
othen heated to 100 C for one hour. When the amine salt had been filtered off, 
the solvent was removed under vacuum and the remaining solution distilled under 
reduced pressure. The phosphepan© distilled over at 123° « 7°G at 3 mm Hg.
On standing it crystallised out and was recrystallised from a mixture of
So =  80°C petroleum ether and benzene to give fine white crystals, m.p, 73 ~  76°C,
(lit. m.p. 76 - 77.5°C) Yield = 10,7%.
and 2 -o h e n Y l-2 - -o x Q -l. 3 . 2 -d loxaph osphocane
The preparation of these compounds was not successful. Although products 
were obtained tney could not be identified.
2 6
2, 5 -diphenyl -2 -oxo-1 ,3 ,2  -dioxapho spho rinane
T h is  was prepared by a m ethod s im ila r  to tha t m entioned above, 
by W , H, G ibbs, The C hem is try  D epartm ent, The U n iv e rs ity , S t,A ndrew s, 
m .p .
2 ,5 ,5  -tr im e th y l -2 -oxo- 1 . 3 . 2  -dioxapho spho rinane
T h is  p repara tion  was s im ila r  to those given above. The quantities 
used w ere 26,6 gm s, (0 , 2  m oles) m ethylpho sphonic d ich lo rid e , 2 0 , 8  gm s, 
(0,2 m oles) 2 ,2 -d im e th y l-p ro p a n e -1 , 3 -d io l, 40,4 g rm s , (0,4 m oles) 
trie th y la m in e . A fte r rem ova l o f the solvent under vacuum , the product 
c ry s ta llis e d  out and was re c ry s ta llis e d  fro m  benzene to g ive w hite  
c rys ta ls ,  m .p .  116°C ( l i t ,  m ,p ,  119 - 121°)^ Y ie ld  = 73,6%
5, 5-d im e th y l - 2 -phenyl- 2  -oxo - 1 , 3 , 2 -dioxaphosphorinane
T h is  p repa ra tion  was also s im ila r  to the above, quantities used 
w ere 39 gm s, (0,2 m oles) phenyl pho sphonic d ich lo rid e , 20,8 g rm s ,
(0,2 m oles) 2 ,2 -d im e th y l-p ro p a n e -1, 3-d io l, 40.4 g rm s . (0,4 m oles) 
trie th y la m in e . Again, a fte r rem ova l o f solvent, the product c ry s ta llis e d  
out and was re c ry s ta llis e d  fro m  benzene to y ie ld  w h ite  c rys ta ls ,  m .p .  104°C 
( l it .  m .p ,  108.5 - 1 1 0 °O ?  Y ie ld  = 67.1%
2?
Tr:ichloro<°meth.ylphospiionlc dl.chloride
Carbon tetrachloride 33*9 gms (0*33 moles), phosphorus trichloride
34.4 gms (0,23 moles), and aluminium trichloride 33.12 gms (0,23 moles) 
were mixed and then shaken together and heated under reflux for one 
hour. The complex formed was then dissolved in methylene chloride 
(7 volumes) and the solution cooled to about = 20° C by the addition 
of solid carbon dioxide. Water (3*0 moles) was then added slowly with 
vigorous shaking until the milky suspension first formed coagulated.
The solution was then rapidly filtered, the solvent extracted under 
vacuum and the product allowed to crystallise out. It was recrystallised 
from methylene chloride giving white crystals m,p* 136°C (lit,m,p4 36?C)'^ 
Yield = 80,8%.
. dimethyl. =, 2 trichlorp methyl ^ 2 .0x0 « 1 .3*2 =_ dloxaphosphorinane
This preparation was similar to those previously mentioned, the 
quantities being trichloromethylphosphonic dichloride 44*6 gms (0*2 moles),^
2,2 = dimethyl propane 1,3 - diol 20,8 gms (0,2 moles) triethylamine
40.4 gms (0,4 moles).
The product crystallised out after the solvent had been removed, and was 
recrystallised from benzene to give white flaky crystals, m«p, 134 = 136°C 
(lit* m,p, 168 = 169°)^ Yield = 38,3%«
2_- Phenyl =_1,3,2 = djoxaphosphorinane
33*4 gms (0,2 moles) of dichlorophenylphosphine in 100 ml, of dry 
toluene was added slowly to 1 3 *2  gras (0,2 moles) of propane 1 ,3  - diol and
4 0 .4  gms (0*4 moles) of triethylamine in 300 ml of dry' toluene* The whole
system was kept In an atmosphere of nitrogen and during addition 
of the acid chloride the temperature was kept between 0° and 3°G,
The mixture was then heated for one hour to 100°G and the amine 
salt filtered off. After the solvent had been removed under vacuum 
the remaining solution was distilled under reduced pressure and the 
product distilled over atf44°C at 1,3 mm Hg, (lit.b.p, 137° at 0*43 mm Hg)
3*3 - dimethyl = 2 - phenyl = 1*3,2 - dioxaphosphorinane
This was prepared in a similar manner to the previous compound, 
the starting materials being dichlorophenylphosphine 33«4 gms (0,2 moles
2,2 = dimethylpropane - 1,3 - diol 20,8 gms (0,2 moles) and 40,4 gms 
(0,4 moles) of triethylamine. After the solvent had been removed the 
product crystallised out and was recrystallised from benzene, 
moPo 60 ^ 63°C.
(lit, m,p, 82 = 83°G)^ Yield « 36,39^.
«3 - dloxane.-i.r3so t)*5S *i
7,6 gms (0,1 moles) of dry propane 1,3 diol was shaken with 
14,86 gms (0,14 moles) of benzaldehyde and hydrogen chloride gas passed 
through for three hours, The mixture in the flask was kept in ice during 
this period. Dry carbon dioxide was then passed through to expel the 
hydrogen chloride. Diethyl ether was added to dissolve the precipitate 
formed and the solution was washed with distilled water to remove final 
traces of hydrogen chloride. It was then dried overnight over calcium 
carbonate, the ether pumped off and the residue distilled under vacuum 
to give the product at 80°C under 1,3 mm Hg as a clear liquid. On standing
a.9
this crystallised out to give white crystals, m.p, 49 - 30°C.
(lit. m.po 49»^ - 30°C).^ Yield =- 41*39^
dim ethyl = 2 = phenyl - 1^_=_ dloxane
This was prepared as above. The quantities used were 2,3 - dimethyl 
propane = 1,3 diol 10*4 gms (0.1 moles) and benzaldehyde 14.86 gms 
(O0I4 moles). The product distilled over under vacuum at 123° - 123°G 
at 10 mm. Hg as a clear liquid. On standing white crystals formed 
m.p. 35°Co (lit. m.p. 35°C).
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NUCLEAR M AGNETIC RESONANCE : EXPERIM ENTAL
0 .4  M so lu tions in  CDC l^ and C^D^ (co m m e rc ia lly  produced)
w ere used fo r  a ll data c o lle c tio n . F o r tlie  P e rk in -E lm e r R IO
spectrom ete r, 4 .2  m m  tubes w ere used and fo r  the V a rian  HA 100
spectrom eter and o the r ins trum en ts , 5 .0  m m  tubes. T e tra m e tliy l-
s ilane , T . M . S . , was the exte rna l re fe rence  (R IO ) o r  in te rn a l
31lock signa l (HA 100). P spectra w ere  c a rrie d  out e ith e r as neat 
liq u id s  o r  as saturated so lu tions in CHCl^ in  8  mm tubee, using 
85% HgPO^ as exte rna l re fe rence .
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CHAPTER 4 
RESULTS AND DISCUSSION
In  a ll, tw elve compounds have been analysed to y ie ld  nuc lea r 
m agnetic resonance param eters o f chem ical sh ifts  and coupling con­
stants , In two cases am biguous re su lts  w ere obtained as regards 
r in g  conform ation  and in  an a ttem pt to c la r ify  these, a fu ll X - r a y  
c ry s ta l ana lysis o f two compounds was undertaken, I t  w ill be seen 
tha t although the X -ra y  ana lysis p rovided some in te re s tin g  and he lp fu l 
re s u lts , i t  has not con tribu ted  to so lv ing  the prob lem  to the extent tha t 
i t  was hoped i t  w ould.
A ll values given in  th is  chapter, except those fo r  compound 6 , 
w ere  obtained fro m  spectra  run on the V a ria n  HA 100 m egacycle 
spectrom e te r. Data fo r  compound 6  was obtained fro m  the 220 m ega­
cyc le  m achine a t L C . L ,  R uncorn.
C hem ical S h ifts
Table 4 .1 .  g ives a ll the chem ica l sh ifts  fo r  the tw elve c o m ­
pounds that have been studied.
One im p o rta n t and in te re s tin g  re s u lt is  tha t although a x ia l protons
have been considered as resonating at h ighe r fie ld s  than th e ir  equa to ria l 
jcoun te rparts  the opposite s itu a tio n  seems to hold, e ith e r fo r  the 4, 6  protons 
o r 5 protons o r end m ethyl groups, fo r  a ll compounds except compound 6 .
The la tte r  d iffe rs  fro m  a ll the o thers in  having a phenyl group substitu ted  
a t position  5 in  the dioxaphosphorinane rin g . Evidence fo r  th is  re ve rsa l 
is  borne out by th ree  observations :
1, Coupling Constants
As stated in  chapte r 2, coupling constants between phosphorus and 
the a x ia l and equa toria l protons at position  4 , 6  w ill d iffe r because the 
d ihed ra l angle is  d iffe re n t fo r  these tw a protons. Num erous experim ents^^ 3,4 , 5, 6  
have con firm ed  tha t fo r  a PO C H  system  the phosphorus-equatoria l coupling 
is  g re a te r than the phosphorus-axia l coupling. However, fo r  m ost o f the
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present compounds the coupling constant Is  g re a te r fo r  the proton at h ig h e r 
fie ld  (see Table 4 . 3 . )  and th is  m ust th e re fo re  be the equa to ria l p roton, not 
the a x ia l as expected.
2 . C ro s s -rin g  o r long range coupling
F ro m  some o f the decoupled spectra  the re  is  evidence o f c ro s s -
rin g  coupling (between protons a t position  4 apd those a t position  6 ). F o r
compounds 1, 3 and 12 the re  is  m ore evidence fo r  the proton resonating
a t lo w e r fie ld , and since c ro s s -r in g  coupling w ill be g re a te r between a x ia l 
7protons, i t  seems th a t th is  co n firm s  the assignm ent o f the a x ia l 4 , 6  
protons to lo w e r fie ld . However, fo r  the 7-m em bered r in g  compound 11, 
the re  is  c le a r evidence tha t the lo w e r proton is  no t coupled, whereas 
the h igher proton shows b roader peaks. T h is  m akes a x ia l, equa to ria l 
assignm ent d iff ic u lt. When, fo r  compound 4, the end m ethyl groups a re  
decoupled, the re  is  v e ry  d e fin ite  evidence th a t the re  is  e ra s -rin g  coup ling  
fo r  both a x ia l and equa toria l 4, 6  protons and so again no a id  to assignm ent, 
on th is  ground alone, is  g iven.
3. Broadening o f m ethyl peak
In a ll cases end m ethy l peaks a re  conside rab ly b roader ( .^2 ,0 Hz) 
com pared w itli the n o rm a l h a lf-w id th  o f m ethyl peaks ( .^0,6 Hz)P T h is  
m ay be a ttrib u te d  to long -range  phosphorus coupling o r coupling w ith  each 
o th e r. M oreover, the m ethyl peak to lo w e r fie ld  is  s lig h tly  b roader than
the one at h igher fie ld . T h is  re s u lt is  in  lin e  w ith  extensive data observed
9 1 0  1 1 1 2  1 3 1 4  1 5 1 6in  r ig id  system s, ' s te ro id  se rie s , ' oecalins  ^ and dioxaphosphorinanes, '
a ll w ith  te r t ia ry  m ethyl groups attached to und is to rted  six-m em bered  rin g s .
17I t  can be explained by the existence o f a "favourab le  coupling path" (see 
heavy lin e s  in  F ig u re  4 ,1 )  between the a x ia l 4 , 6  protons and one o f the 
protons on the a x ia l m ethyl group.
3 f
F IG , 4 ,1 ,
I t  does not occu r when the m ethyl group is  in  an equa to ria l pos ition , 
such as fo r
18investiga ted  by Shoppe and c o -w o rke rs . T h is  means tha t again an a x ia l 
group is  resonating a t lo w e r fie ld  than its  equa to ria l p a rtn e r.
I t  is  d iff ic u lt to observe a s im ila r  e ffec t as num ber 3 given above, 
fo r  the end. protons at pos ition  5 in  an unsubstituted rin g , since th e ir  chem ica l 
s h ift d iffe rence  is  s m a ll. H owever, in  the case o f 2 -phenyl-1 , 3-dioxane, 
ana lysis o f the two end proton resonances (fro m  v e ry  w e ll reso lved  peaks, 
see spectra  9 ,2 , )  shows c le a r ly  tha t the proton a t lo w e r fie ld  has the 
la rg e s t v ic in a l coupling w ith  the a x ia l protons at 4 , 6  p rotons. F ro m  
F ig u re  4*1 ,  above, th is  m ust mean tha t here  a lso ,the  a x ia l pro ton resonates 
at lo w e r fie ld  than the equa to ria l p ro ton . To sum m arise, fo r  dioxapho sphorinane i 
the re  is  an in ve rs io n  o f expected a x ia l and equatoria l resonances fo r  4, 6  protons 
and m ethyl groups a t p os ition  5 on the rin g  ; fo r  1 , 3 , 2 -phenyl -dioxanes th is  
holds fo r  protons o r  m e thy l groups a t position  5, but not fo r  4, 6  p rotons. 
DISCUSSION
As stated above, o ve r the past s ix  years m any w o rke rs  have observed 
anom alies in  the chem ica l sh ifts  o f a x ia l and equa toria l r in g  protons o r  groups.
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However, the re  is  o n ly  one re p o rt o f any th e o re tica l w ork in to  the sources
19o f these anom alies - b y J .D e lm a jii and co -w o rke rs  in  1967. DelmaU/
considered what he thought w ere  two fa c to rs  tha t could explain why the
a x ia l m ethyl groups (position  5) in  5, 5 -d im e th y l-1 ,3 -dioxanes came at
20lo w e r fie ld  than the e q ua to ria l group. Using M cC onne ll’s equation he 
w orked  out what in fluence the an iso tropy o f the C -O  bond had on atom s 
o r groups a t pos ition  5, The C -O  bond he considered was the O (3) -  C (4)
I
Cl
IWnot C (1 ) - O (3), He found tha t the de sh ie ld ing  e ffec t was the same fo r  
bo tli the a x ia l and equa to ria l protons - th is  w ould mean tha t they w ere
m agne tica lly  equ iva lent w hich is  not observed. He then adopted the w ork
21 22 23o f Pople, Buckingham and M uscher who had shown tha t the sh ie ld ing
constant o f a proton o rig in a te s  in  the surrounding e le c tric  fie ld  o f the
m olecule, so that
Ao = - k  E - aE ^ z
w here A a is  the change in  sh ie ld ing  constant, k and a a re  constants,
is  the p ro jec tio n  o f the e le c tric  fie ld  on the a e lectrons o f the C - H bond
and E is  the e le c tric  fie ld  on the a e lectrons o f the C - H bond and E is
the e le c tric  fie ld  experienced by the proton its e lf, Delm a^i neglected the
“ 6quadratic te rm  since i t  invo lved  a te rm  r  and used the rem a inder o f
equation (1) w ith  k - 3 , 0 x 1 0  , He considered tha t the d ipo le m om ent
24o f 1,3 dioxane la y  n o rm a l to the plane 0  ^ - -  0^ and had a value o f
2,15 D, The re s u lt o f h is  ca lcu la tio n  showed tha t
A _ ^  -0 ,9 9  ppmaS a
A c  -0,51 ppma 5 e
Thus, the existence o f a d ipo le m om ent in  the m olecule in troduced a chem ica l 
s h ift d iffe rence  between the a x ia l and equatoria l protons o f
A- - fü -0 .4 8  ppm5e - 5a
36
That is , the a x ia l p ro ton m il resonate a t lo w e r fie ld  than the e qua to ria l.
He considered th is  to be in  reasonable agreem ent w ith  h is  observed value 
o f w - 0 . 7ppm. - c e rta in ly  i t  was evidence tha t the d ipole m om ent o f the 
m olecule con tribu ted  to a la rg e  extent e ith e r to the sh ie ld ing  o r deshie ld ing 
o f r in g  protons, in  th is  case the de sh ie ld ing .
The d ipo le  m om ent o f the substitu ted  2-oxo-dioxaphosphorinanes 
w ould thus expla in why a s im ila r  e ffe c t on the 4, 6  protons o f these com ­
pounds is  observed; som ething Me C onne ll's  equation cannot. As regards 
the position 5 a x ia l and eq u a to ria l m ethyl group, d ipo le m om ent theory 
m ay also expla in th e ir  chem ica l s h ift d iffe re n ce , A ca lcu la tion  based 
on the M cConnell equation
Q  ^^  ) (see C hapter 2 jo i» (tsr
is  d iff ic u lt since 0 and r  have to be ca lcu la ted  fo r  each proton o f each
m ethyl group. However, a ca lcu la tio n  fo r  protons a t position  5 w itli
H H
e % -7 °  + 1 3
r  % 3 ,6  4 ,2
shows tha t both a x ia l and equa to ria l w ill be s lig h tly  deshielded by the
X -  O bond, the a x ia l m ore  so. However, the diam agnetic an iso tropy
o f the P - O bond is  not know, n o r is  the position  o f the e le c tric a l cen tre
o f g ra v ity  o f the P -  O bond. Thus, any ca lcu la tion  using the M cConnell
equation is  v e ry  approxim ate . I t  w ould seem tha t a m ore accurate account
w ould be given using the d ipole m om ent equation -  equation (1 ) above.
The m ain p rob lem  in  applying th is  equation to dioxaphosphorinanes, ds
the lack o f in fo rm a tio n  on d ipo le  m om ents fo r  such com pounds, I t  seems
tha t on ly  s ix  have been determ ined to date ; among them  the 2  - BH^ adduct
o f 2 -m e th o xy-5 -m e th y l-5 -c h lo ro m e th y l-1 ,3 ,2 -
25dioxaphosphorinane and 2-phenoxy-5, 5-d im e th y l-2 -oxo -1, 3 , 2-d ioxa-
phosphorinane^^. The value fo r  these w ere  3 .05D  and 5,71 D re sp e c tive ly . 
I t  would thus appear fro m  Delm aw's ca lcu la tions tha t dioxapho sphorinanes 
w ould have a s im ila r  e ffe c t on substituents in  5, p o s itio n .
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G eneral T rends
A ll m ethyl groups d ire c tly  bonded to a phosphorus atom  resonate at
a s lig h tly  h igher fie ld  than expected, A change in  the substituent attached
to the phosphorus fro m  a m ethyl group to phenyl group does not a lte r the
position  o f the 5 protons o r  end m ethyl groups, and when the substituent
is  a tri-ch lo ro  m ethyl group, on ly  a s h ift o f 0 , 2  2* is  observed fo r  the
a x ia l m e thy l, A  change o f substituent does, however, s lig h tly  a lte r the
position  o f the 4, 6  p ro tons; the ax ia l protons a re  de shielded [  0,17 T
0.091(4)] when a phenyl group is  in troduced. Since the X -ra y  ana lysis
in  the s o lid  state o f 3 and 4 showed tha t the phenyl group lie s  e q u a to ria lly
w ith  its  plane perpendicular to the phosphorinane rin g , th is  desh ie ld ing
can only be explained i f  the phenyl r in g  ro ta tes about its  plane, in  so lu tion .
I f  this is  the case, a m odel shows tha t when the plane o f the phenyl r in g
is p a ra lle l to the pho sphorinane rin g , the In te rac tion  w ill be such to de -
sh ie ld  the a x ia l p ro ton . In tro d u ctio n  o f the tr i-c h lo ro  m ethyl group
fu rth e r deshields both the a x ia l proton (by 0 ,2 7 f )  and the equa toria l
proton (by 0 , 4 r )  although the la tte r  is unaffected by the phenyl group.
The in trod u c tio n  o f m ethyl groups at position  5 in  the pho sphorinane
ring has the effect o f moving the 4, 6  protons to h ighe r fie ld  but i t  does
no t a ffe c t the m ethyl group attached to the phosphorus atom . In troduction
o f a phenyl group in  the equa to ria l 5, position  deshields the 4, 6  protons
(again th is  seems to have fre e  ro ta tio n ) but has a g re a te r e ffect on the
a x ia l proton, as expected, since e q u a to ria l-a x ia l in te ra c tio n s  a re  g re a te r
than e q u a to ria l-e q u a to ria l in te ra c tio n s . Rem oval o f the double-bonded
oxygen seems to cause an Increase in  the sh ie ld ing  o f the 4 , 6  p ro tons.
However, this m ay be due to a change in  position  of the phenyl group,
28 29 30There  is abundant evidence  ^ ' tiia t i t  lie s  in  the a x ia l pos ition  fo r
31 32the pentavalent compounds but in  the equatoria l  ^ position  fo r  the
33tr iv a le n t com pounds, X - r a y  c rys ta llo g ra p h y  w ork here has shown tha t 
fo r  2 -phenyl- 1 , 3-dioxane the phenyl r in g  as w e ll as ly in g  in  the equa to ria l 
pos ition , also lie s  with its  plane app rox im a te ly  perpend icu la r to the dioxane
38
rin g . O bservation o f chem ica l sh ifts  and com parison between compounds 
3 and 9, 4 and 10 and then 3 and 7, 3 and 8 , show tha t when the phenyl 
changes its  con figu ra tion  around the phosphorus fro m  a x ia l to equa toria l 
(perpend icu la r as stated above), in  each case the 4, 6 a x ia l protons move 
to h ighe r fie ld  as expected.
A nother expected re s u lt is  that the in s e rtio n  o f a phosphorus in to  
position  2  o f 1 , 3-dioxane has a n e g lig ib le  e ffec t on any o f the proton s h ifts , 
As w ill be seen la te r, i t  a lso has a n e g lig ib le  e ffec t on gem inal coupling 
constants. R e la tive  to an ’iso la te d ' benzene rin g , the phenyl r in g  is  
pu lled  dow nfie ld  in  the dioxapho sphorinanes. That th is  is  due m a in ly  to 
the double “bonded oxygen can be seen fro m  the chem ica l s h ift fo r  the 
phenyl group when th is  oxygen is  absent in  the tr iv a le n t compounds and 
in  the 1, 3-dioxanes. Again, how ever, th is  m ay be due to a change in  
o rie n ta tio n  o f the phenyl group its e lf. F rom  the values fo r  the la tte r, 
the phosphorus w ould seem on ly  to p u ll the phenyl group dow nfie ld  by 
0.1
F o r the seven-m em bered r in g  compounds there  is  a s lig h t 
up fie ld  shift of the end m ethylene groups and the 4 , 6  protons a re  un­
changed re la tiv e  to the s ix-m em bered  rin g s .
Benzene as a Solvent
Table 4 .2 .  g ives the so lvent sh ifts  o f a ll the compounds in  
deutero-benzene. These a re  g iven re la tiv e  to d e u te ro -ch lo ro fo rm  
w hich has been taken as an in e r t so lvent, though th is  is  probab ly not 
tru e  since i t  m ay H -bond to P -O ,
I t  can be seen th a t in  a ll cases the phenyl group attached to 
the phosphorus o r  carbon atom  (X ) is de shielded to a s lig h t extent, 
whereas substitu ted  benzene rin g s  a re  usua lly  sh ie lded?^ T h is  de- 
sh ie ld ing  can be explained i f  the so lvent m olecule lie s  p a ra lle l to the 
benzene rin g  o f the solute m o lecu le . That the deshie ld ing is  v e ry  sm a ll 
could be explained by the large phosphorus and oxygen atoms preventing  
near approach o f the so lven t.
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The increased sh ie ld ing  o f the protons in  the h e te ro cyc lic  r in g  w ould
35seem to ind ica te  a weak associa tion  between these protons and the benzene 
so lvent m olecules, such tha t the la tte r 's  plane is  ly in g  pe rpend icu la r to the 
pro tons. W ith  the so lvent m olecules in  th is  position  the diam agnetic r in g  
c u rre n t opposes the applied fie ld . In a ll cases end m ethylene protons ex­
perience a g re a te r sh ie ld ing  than the 4, 6  p ro tons. Even the m ethyl groups 
at position  5 in  the r in g  experience as much sh ie ld ing  as the 4, 6  p ro tons. 
Since w ith  these m ethy l groups the equa toria l m ethyl is  m ore shielded, a 
p re fe rre d  o rie n ta tio n  o f the so lvent m olecule w ould seem to be one where 
a so lvent m olecule lie s  "a t the s id e " o f the h e te ro cyc lic  rin g  as in  F ig .4 .2 . 
The equa toria l protons o f the 4, 6  protons also experience g re a te r sh ie ld ing  
than th e ir  a x ia l neighbours in  a ll cases. T h is  could be another in d ica tio n  
that the so lvent m olecule lie s  a t the side o f the r in g  as shown in  F ig .4 ,2 ,
li-.Z
iUix Of
RiNé'
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M oreover, in  th is  pos ition  the benzene r in g  w ill avoid the p o rb ita ls  o f 
the oxygen atom s. Anderson^^ has shown tha t benzene and 1, 3-dioxanes 
in te ra c t to g ive v e ry  weak 1 ; 1 com plexes. He has also found, as in  tlie  
present study, tha t positions 4, 5 and 6  a re  shielded, the 5 position  
p a rtic u la r ly  so. Having found also tha t the 2 -a x ia l pos ition  is  on ly  
s lig h tly  a ffected, he suggests tha t the loca tion  o f the benzene m olecule 
can be as shown below
PsPO L ljN-'l o M Î
\
\
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I f  the in te ra c tio n  w ith  benzene is  o f a d ipo le-induced d ipo le  type, then the 
nuc leoph ilic  benzene m olecule w ill p robably p re fe r I .  However, Anderson 
found tha t when a m ethyl group was substitu ted in  position  5, a ll the protons 
in  4, 5 and 6  w ere less shie lded than before ; he suggests I I  fo r  th is  case.
In  th is  case, the a x ia l m ethyl group tip s  the end o f the benzene m olecule 
away fro m  the dioxane rin g  so tha t the protons at positions 4, 5 and 6  
a re  n e a re r the edge o f the sh ie ld ing  cone, In  the present study such an 
e ffe c t o f an a x ia l m ethyl is  found on ly  fo r  compounds 7 and 8  and 9 and 10, 
and in the la tte r, o n ly  the a x ia l 4, 6  protons a re  a ffected . C e rta in ly  
A nderson’s theo ry  is  v e ry  p laus ib le  and a sh ie ld ing  cone em anating fro m
va.
the benzene m olecule  w ould exp la in  why end m ethylenes and m ethyl groups 
experience as g rea t, o r  g re a te r sh ie ld ing , as the 4 , 6  p ro tons. I t  is  
reasonable to assume tha t A nderson 's theo ry  w ill apply to pho sphorinane 
rin g s  a lso . The theo ry  does not, however, explain why the tr i-c h lo ro  m ethyl 
group (attached to the phosphorus atom ) g re a tly  enhances the sh ie ld ing  o f 
the 4 , 6  protons and a "com plexing th e o ry " m ay be needed to exp la in  th is .
The seven-m em bered rin g s  also show "com p lex ing" between th e ir  
r in g  protons and benzene as expected. F in a lly , the protons o f the m ethyl 
group attached to the phosphorus a re  shielded lik e  o the r non -a rom atic  
p ro to n s ,
Spin-Spin Coupling
C alculated values fo r  sp in -sp in  coupling constants a re  given in  
Tab le  4 .3 . F o r a ll compounds except 7, spectra obtained fro m  the 
V a ria n  HA 100 spectrom ete r w ere  used fo r  ca lcu la tio n s . Coupling 
constants fo r  compounds 2 ,4 , 5, 8  and 1 0  w ere ca lcu la ted  fro m  the ex­
panded spectra  and fo r  compounds 1, 3 ,7 , 9,10,11 and 12 , expanded 
decoupled spectra  w ere  used. F o r compound 7, the expanded 220 m ega­
cyc le  spectrom ete r spectrum  was used.
A fu ll ABX ana lysis was applied fo r  a ll compounds except 9 and
10. F o r the fo rm e r case the resonances o f the equa to ria l and a x ia l
protons at pos ition  5 (ABCD system ) cou ld  be analysed d ire c tly  and the
re su lts  checked w ith  the 4, 6  protons p a tte rn . F o r compound 10, the
4, 6  protons a re  an AB system  and th is  cou ld  be analysed a ls o ,
37An ABX ana lysis can be subject to many am bigu ities ; in  genera l
i t  is  im possib le  to determ ine the sign o f and the re la tiv e  signs o f
and J can be obtained on ly  when J . / 6  a „  is  s m a ll. (Ô . is  the chem ica l JdA A d  A d  A d
s h ift d iffe rence  between A  and B p ro tons). An add itiona l am bigu ity  arose 
w ith  the compounds under study since the X (phosphorus) spectra  could 
not be checked. E ith e r the phosphorus spectra  was too com plex, o r as 
fo r  compounds 1, 2 and 5, i t  cou ld  not be ca lib ra te d  a ccu ra te ly  enough. 
However, some o f the am bigu ity  cou ld  be rem oved by studying the in te n s ity  
o f the peaks m aking up the ABX system  and su ffic ie n t evidence^^'
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fo r  p os itive  and enabled some sets o f re s u lts  to be re jected ,
J p O C - H  C ouP lü ig
41As m entioned tn chapter 2, the param eters a ffec ting  J are
(1 ) d ihedra l angle
(2 ) bond length
(3) bond angle and
(4) e le c tro n e g a tiv ity  o f neighbouring g roups,
In  the compounds under study (2) and (3) a re  assumed to rem a in  p ra c tic a lly  
constant and thus the co n trib u tio n  fro m  (1) and (4) can be studied. Since 
fro m  compound to compound the d ihed ra l angular re la tio n  between the 
phosphorus atom  and the a x ia l and equa toria l 4 , 6  protons rem ains 
re la tiv e ly  una lte red, the e ffec t o f substituent groups at the phosphorus 
atom  and position  5 could be evaluated.
In  a ll cases fo r  s ix-m em bered  rin g s  except the CDCl^ so lu tion  
o f compound 1 , i t  w ould seem tha t the phosphorus coupling w ith  the 
equa to ria l 4,  6  protons Jg^ is  g re a te r than tha t w ith  the a x ia l 4, 6  protons 
J a x  ' T h is  is  in  accordance w ith  a genera l K arp lus p red ic tio n  fo r  v ic in a l 
couplings (see chapte r 2) and a rise s  because o f the d ihed ra l angle (P )  
d iffe rence  between the phosphorus atom  and the equa toria l and a x ia l 
p ro to n s .
C
P
if G
However, the d iffe rence  between the equa toria l and a x ia l protons is  nowhere 
as g rea t as tha t repo rte d  fo r  o the r compounds. F o r exam ple, Kainosho e t a l 
re p o rt fo r
42
4
3
X Y R j ^ 2 ^ 3 ^BX ^AX
p 0 C l Me Me 27.5 2 ,9
p 0 Br Me Me 30.0 3 ,6
p C l Me Me 28,6 4 ,3
An explanation fo r  th is  w ill be suggested la te r.
D ihed ra l A n g ^ a r Dependence 
41Kainosho has, as was m entioned in  chapter 2, obtained values fo r  
phosphorus-proton couplings as a function  o f d ihed ra l angles. F ro m  these 
values he has been able to produce a K a rp lus  lik e  curve  shown below in  
F ig .4 ,3 . fo r
43However, X -ra y  ana lys is and further ca lcu la tions gave, fo r  compound 3,
.oPO C H  = ^ P O C H  = 1 8 0 ^ fo r  compound 4, = 4 0
ax eq ax
o
P O C H “  180 . These along w ith  values fo r  coupling constants giveneq
in  Table  4.3 ,  were plotted on th is  cu rve  and a re  in reasonable agreem ent.
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However, th is  cou ld  be dece iving since between d ihed ra l angle values of 
o o30 and 60 one cou ld  have a range fo r  J o f 5 to 20 Hz and like w ise  fo r  
p  ~ 180^, J cou ld  be any value g re a te r than 10 Hz ! The on ly  la rg e  
dependence between J and ^  is  in  the range p  = 60 to 150^ and since d i­
hed ra l angles for e ith e r a boat o r chair fo rm  do not lie  w ith in  th is  range, 
no s ta rtlin g  conclusions can be draw n.
E le c tro n e g a tiv ity  o f Substituents D ire c tly  A ttached to the Phosphorus A tom
E m p iric a l c o rre la tio n s  between and the e le c tro n e g a tiv ity  (E^)
o f a substituent has been observed for v in y l compounds, Banwell and co- 
44w orke rs  found an inverse proportionality with E fo r  compounds CH_ = CHX
45 ^but Schaefer over a wide range of E found a lin e a r correlation betv/een
E and fo r  gem, cis and trans protons and fo r  the sum T + T . + TX '^ H -H  &  ^ ^ ‘'gem  •'c is •’tra n s
TABLE 4 . 4 .
fo r 0
K
R éf. R _*^ ax ^eq EX R éf.
39 CMe_o 2 19 2 ,3 48
46 Me 7 .9 16.2 2.27 48
46 Ph 1 0 . 6 12.9 2 .5 45
42 Br 3 .6 30 2 , 8 48
46 C C l^ 3 .6 15.1 2 .81^ 48
42 C l 2 .9 27,5 3 .0 48
47 OPh 3 21 3 .2 48
39 c n ig 6 . 6 14-7 ''
39 CH^Ph 7.8 14-9
39 N H C H M e
N H C M e
6.2 22,4
39 7 .8 16.3 ^ /  3. 0
a) a il values in  H z ,
I t  w ould he lp  in  the present study to a ttem pt a s im ila r  c o rre la tio n  fo r  J 
and E ^, Tab le  4 .4 . g ives re s u lts  tha t have been published to date and
PO C H ax
F ig u re  4 .4 , g ives a p lo t o f these re s u lts .
T
a:
3
“3
Ao
X
FIGURE 4 .4
I t  w ould appear tha t a lin e a r re la tio n sh ip  fo r  I^  .  _ , ,  and E does e x is t.PO C H  Xax
The position  o f the C^H^ values could be explained as due to a w rong E^,
since the phenyl group has been known to act as a donor when bonded to a 
48P - O group. M oreover, look ing  at Tab le  4 .5  below , i t  appears tha t not 
on ly  is  the phosphorus proton coupling constant dependent on the e le c tro ­
n e g a tiv ity  o f the substituent, but i t  is  also dependent on its  o rie n ta tio n .
40 49F o r a ll the compounds lis te d  in  Table 4 .5 . the re  is  evidence ' tha t
group R lie s  in  the equa to ria l pos ition  and th is  change o f con figu ra tion
about the phosphorus n u llif ie s  any e le c tro n e g a tiv ity  e ffe c t, .a conclusion
40 49w hich is  evidenced by previous w o rk , ' Taking  both F ig u re s  4,3 and
4 ,4 . and Tab le  4 .5 , in to  account, seems to ind ica te  tha t the e le c tro -
6  O
TABLE 4.5.
Coupling Constants and E le c tro n e g a tiv itie s  T o rn-p
R éf. R Jax -J•'eq EX R éf.
40 C l 6 1 0 . 8 2 . 8 48
46 Ph 3 1 0 . 2 3 .0 48
40
^  CH_
N <  ^ 
CHg
3.8 19.6 3 .0 48
40 OPh 2 . 8 1 0 . 8 3.2 48
40 0  Me 2 . 8 1 0 . 8 3 .7 48
40 F 2 . 8 1 0 . 8 3 .9 48
s\
n e g a tiv ity  o f a substituent in  the a x ia l position  has a g re a te r e ffec t on v ic in a l
coupling constants than the d ihed ra l angle. In  fa c t, the present re su lts  w ould
suggest that the d ihed ra l angu lar dependence can on ly  be studied in  an 'iso la te d '
o r unpertubed P -  O -  C -H  system  ju s t as K a rp lu s ' o rig in a l quan tita tive  ca l»
41cu la tio n s  w ere  c a rrie d  out fo r  an unperturbed H »C »C -H  system .
However, in  sp ite  o f th is , a prob lem  does seem to present its e lf 
as regards the con fo rm ation  o f the he te ro cyc lic  rin g s  in  compounds 1 and 
3. When the decoupled spectra  o f compound 3 2-pheny l-2 -oxo -1 ,3 ,2 »  
dioxapho sphorinane was f ir s t  obtained on the P erkin  E lm e r R IO  and R 12 
instrum en ts and on the Jeol 100 m egacycle in s trum e n t, a sym m e trica l 
sextet w ith  broad peaks was obtained ;
T h is  ind ica ted tha t J . was equal to J and tha t both equalled J. = 11 Hz,A A  JdA  A d
X -ra y  ana lys is  o f th is  compound and its  5, 5-d im e th y l coun te rpa rt was 
then c a rrie d  out to see i f  these couplings cou ld  a ris e  fro m  a boat con­
fo rm a tio n  o f the h e te ro cyc lic  r in g , since in  a boat con fo rm ation  0  = 0SQ ax ^eq ,
VerKade and K ing  have re po rte d  equal couplings fo r  a x ia l and equa toria l 
protons in  a compound w ith  an obvious boat fo rm  :
The X -ra y  ana lysis ind ica ted  a c h a ir fo rm  fo r  both compounds in  the so lid  
s ta te . The b ro a d -lin e  N ,M ,R , d id  not show any con fo rm ationa l change fo r  
e ith e r 2  -phenyl o r  2 -m é th y l-2 -oxo -1 ,3 ,2  -dioxaphosphorinane, M oreover, 
when HA 100 spectra  (decoupled and expanded) w ere obtained fo r  compound 
3, the im proved re so lu tio n  showed c le a rly  tha t in  CDCl^ but
in  was s lig h tly  s m a lle r than One m ay conclude fro m  th is
tha t e ith e r the d ihed ra l angular re la tio n sh ip  to coupling constants is  
m eaningless, o r tha t in  so lu tion  the h e te ro cyc lic  r in g  o f compound 3 
assumes a boat con fo rm ation  and tha t o f compound 1 , a s lig h tly  d is to rte d  
boat con fo rm ation . T h is  con fo rm ation , though ra re , is  not im poss ib le . 
Since a boat con fo rm ation  is  e sse n tia lly  a fle x ib le  fo rm , one explanation 
c o u ld  be tha t in  so lu tion  compound 3 is  flip p in g  ove r fro m  one 'tw is t-  
boat' conform ation  to another. See fig u re  below .
—%
T h is  e q u ilib riu m  could be favoured, re la tiv e  tb a r ig id  c h a ir con fo rm ation  
by weak association between a x ia l r in g  protons and the benzene r in g  attached 
to the phosphorus atom  (s im ila r  to the s itua tion  in  so lven t-so lu te  in te ra c tio n s ). 
The expected u p -fie ld  s h ift o f the a x ia l protons, a ris in g  fro m  such an in te r ­
action w ould be d iff ic u lt to detect, and in  fa c t, m ay be cancelled out by o the r 
fa c to rs  such as the interchange o f a x ia l-e q u a to ria l positions in  the fle x ib le  
boat con fo rm ers and change in  so lven t-so lu te  o rie n ta tio n  re la tiv e  to a c h a ir 
fo rm . M oreover, In  the flip p in g  over process, the mean d ihedra l angle 
is  equal fo r  both eq u a to ria l and a x ia l protons ; thus equal phosphorus-
proton couplings w ould be expected. However, no evidence seems to have been
51 52found fo r  any such in te ra c tio n , in  o th e r s im ila r  m olecu les, ’ A nother possibJ 
explanation fo r  the equal coupling constants m ay be tha t the e ffe c t o f the phenyl 
r in g  acting as a donor m ay ju s t be enough to cancel out the d iffe rence  between 
a x ia l and equa to ria l couplings. Both the above p o s s ib ilitie s  need to be in ­
vestiga ted fu rth e r be fo re  any sound conclusions can be draw n.
"^3
The in tro d u c tio n  o f m ethyl groups a t pos ition  5 in  the h e te ro cyc lic  r in g
has an obvious e ffe c t; in  each case the axia l-phosphorus coupling is  decreased
and the equa toria l coupling increased . T h is  could be explained by the weak
e le c tro n  donating power o f the m ethyl group o r  could be due to de form ation
o f the rin g  since X -ra y  data shows a change o f -1 0^ in  the P - O -  C -  H
angle when the m ethyl groups a re  in troduced g iv in g  = 41 + 4  ,
However, such a change should re s u lt in  an increase in  not a decrease
as is  found. In  compound 6  the phenyl group in  position  5 increases the
P -equa toria l coupling re la tiv e  to compound 3 and decreases the P -ax ia l
coup ling  -  thus here  the phenyl group seems to be acting  as a weak
e lec tron  donor lik e  the m ethyl group.
That the gem ina l coup ling  rem ains re la tiv e ly  unaffected by any
change in  substituents w hether a t position  2 o r position  5, would support
53evidence tha t ju s t as fo r  ' %  -  P v e ry  much m ore sensitive  to
substituent groups than In fa c t, re su lts  fo r  the 1, 3-dioxanes,
compounds 9 and 10, show tha t the J . coupling is  no t even affected byA d
the in tro d u c tio n  o f a phosphorus atom  in to  the rin g .
F o r the 7 -m em bered r in g  compounds J . w J T h is  is  to be
expected, i f  one considers the r in g  to be as p red icted  by Hanack and 
55H endrickson
fo r  then the d ihed ra l angle fo r  a x ia l is  v e ry  sm a ll, i,e ,  w ill increase  
and the angle fo r  equa to ria l 160, Thus the re  is  a p o s s ib ility  o f being
equal to
The e ffe c t o f benzene as a solvent is  in te re s tin g . There  is  re la tiv e ly
no change o f any o f the coupling constants except J. and J , The e ffe c tAA dA
on the la tte r  seems to v a ry  haphazard ly. However, fo r  the un substitu ted
pho sphorinane rin g  the P -ax ia l couplings decrease and the P -equa toria l
coupling increases fo r  2 -m e th y l compound and decreases v e ry  s lig h tly
fo r  the 2 -phenyl. T h is  can be explained if ,  as m entioned p rev iou s ly , the
solvent m olecules com plex s lig h tly  w ith  the solute m o lecu les; then w ith
associated diam agnetic r in g  c u rre n t o f the benzene solvent, the e le c tro n ic
environm ent o f system  is  a lte re d  and the coupling m ay be 'th rough space’ .
56as has been suggested. On the o ther hand, fo rm a tio n  o f a com plex
between the so lvent and so lu te  m ay re s u lt in  a su ffic ie n t change in  the
d ihed ra l angle to a lte r the coup ling  constants. I f  the so lvent m olecules
are  position  as was suggested p re v io u s ly  then p  w ould increase
ow ith  a correspond ing decrease in  since < 90 and J a  c o s p
as is  observed. F o r compound 5 w here no solvent m olecule can get 
near to the phosphorus atom , no change is  observed. The b iggest so lvent 
e ffe c t is  shown in  the Jp ^ coupling fo r  compound 4 w here increases 
fro m  12.9 Hz to 15.1 H z. No reasonable explanation fo r  th is  seems 
apparent.
Com pared w ith  gem ina l coupling in  cyclohexane o f 12.4 Hz,
the values fo r  the pho sphorinane and dioxane rin g s  4,6 protons are s lig h tly
s m a lle r due to the e lectronegative  hetero atom  oxygen in  the r in g s . The
gem ina l coupling fo r  the 5 protons o f 2 -phenyl-1 ,3-dioxane is  13.7 Hz and
agrees w ith  past experim en ta l re s u lts  fo r  s im ila r  p ro tons?^ However,
in  2 -phenyl o r 2 -m e th y l- 2 -oxo- 1 .3 .2 -dioxaphosphorinane, the re  is  no
evidence o f any such la rg e  coup ling  constant. The o th e r p ro ton -p ro ton
couplings given in  T ab le  4 .3 . a re  a ll as expected.
C onform ationa l M o b ility  o f the 
1, 3 ,2 -D ioxaphosphorinanee R ing System
Although the re  have been num erous re p o rts  o f the r ig id ity  o f the
dioxapho sphorinane rin g  and lack o f in ve rs io n  at the phosphorus a tom ^^'
the spectra  o f a ll the compounds was studied over the tem pera tu re  range
-  90°C to +200°C . A p a rt fro m  the expected broadening o f peaks at low
tem pera tu re , no change was observed fo r  any o f the compounds, in d ica tin g
tha t the r in g  system  is  a v e ry  r ig id  one although 1 ,3  -dioxane has been shown
62to be co n fo rm a tio n a lly  m ob ile . T h is  r ig id ity  can probably be a ttrib u te d
to the presence o f the h e av ie r phosphorus atom .
63Edmundson has re po rte d  con fo rm ationa l m o b ility  fo r  tra n s -5 -
b rom om ethy l-2 ,5 -d im e th y l-2 -oxo -1 , 3 ,2 -dioxaphosphorinane but the
64argum ent is  d iff ic u lt to fo llo w . He has also v e :^  recen tly  put fo rw a rd
the v iew  tha t tra n s -2 -b e n zy l-5 -ch lo ro m e th y l-5 -m e th y l-2 -oxo -1 , 3, 2 -
dioxaphosphorinane and tra n s -5 -b ro m o -m e th y l- 2 , 5-d im e th y l- 2 -oxo -
1 ,3 ,2 -dioxapho sphorinane a re  confo rm a tio n a lly  m obile  system s. T h is
conclusion is  based on changes in  the CH^Ph and C H ^^r pa tte rns over
a tem pera tu re  range +30° to -7 0 °, and on the values o f tim e-ave raged
coupling constants. However, i t  w ould seem that both o f these e ffects
can be explained by fre e  ro ta tio n  o f the CH^Ph and CH^Br groups (which
is  to be expected) and not by any r in g  m o b ility .
65B road-line  N . M . R .
B road -line  N .M .R . o f compound 3 a t low  tem pera tu re  and am bient 
ind ica te  tha t a t 140°K th e re  was l i t t le  o r no m otion taking  p lace. A t room  
tem pera tu re  th e re  was evidence tha t m otion o f e ith e r the Ph group o r d ie 
r in g  had se t in . M otion o f such groups n o rm a lly  begins about 200°K .
B road -line  N .M .R . o f compound 4 showed no evidence o f the ex­
pected end m ethyl m otion a t 125°C and as fo r  the previous compound, 
m otion o f the phenyl group and rin g  m ethylenes set in  ju s t below room  
tem pera tu re .
C H A P T E R  fX.Ray Theory
When a beam of x-rays impinges upon a crystal it will be 
diffracted provided the direction of the Incident beam obeys Bragg'-s
LaWo
2d Gin# K n A  (1)
where G is the angle between the Incident beam and the (h k 1) plane 
from which the beam Is reflected; d is the spacing of the (h k 1 ) planes, 
n Is an Integer related to the indices h k 1 and A  is the wavelength 
of the radiation.
The amplitude of the scattered wave is called the Structure Factor, 
If, in the unit cell in the crystal, the nth atom is situated at the 
point (x g y , 2 ) the structure factor is defined as% XX XX
p(h k 1) = g exp2^i ky^-J- iz^) (2)
n«l
where f is the scatterlng factor of the nth atom and there are N atoms 
in the unit cell*
The complex form of the expression for F(h k 1) arises because the
phase of the scattered wave differs from that of the Incident wave. But
the phase is not an observable or measurable quantity and the only
measurable quantity is the Intensity of the scattered wave, which Is 
f » 2proportional to F , F can be written as
F e: A 4^
and from equation (2 )
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n
then A K S  f Cos 2?r (hx + ky 4» Izn n n î
he I^,
B 8 ^ f Sln 2YT (hx + ky 4 Iz ) (1^ )^ n n *^ n n
jl
y z) is the electron density at the point (x y z)
the amount of scattering matter in the volume element Vdxdydz is 
0 Vdxdydz and thus
V p(xyz)exp2 Trl(hx + ky 4 lz)dx dy dzF(h k 1)= j
Q y 5% © Z a 0
Since a crystal is periodic in three dimensions it CEui be represented 
by a three dimensional Fourier series:^ and
w m m
p(x y z) % % C(h*k''l')exp 2 TTi (h"x 4 k*y 4 log)
h" k* I'*
if each Fourier coefficient has 3 integral Indices h''k''l^
Then (3 ) and (6) give
F(h i.i l)a j I j % E  6 C(h*'k® !'•')exp 2 Tf i(h°x 4 k»j 4 l"z) exp
" t f  o © h' (hx 4 ky 4 lz)V dx dy dz (?)
Unless h s -h*, k a =k*, 1 = =1® this expression is zero. When
above case holds
f l  f lF(h k 1) = j J J" G(htkoi») V dx dy dz
o o o
f(h It 1) =C{J» k 1 * V
and from equation (6)
^ ( x y z ) m  v E Z E  F(h k l)exp [-Zir 1 (hx 4 ky +
h k i ^
However the difficulty of calculating the phase of the 8trucurn @
1Factor still remains, and in 1934 Patterson ' produced a Fourier
, r2series which used the measurable quantity |l"(h k 1) instead of F(h k 1 
if p^x y z) is the density of scattering matter at a point x y &
in the crystal then p will be very email except near the positj.ons of
58
atoms, A function jp(x + u, y + v, z + w) where Up v and w are constant
parametersp represents a distribution similar to O (x y z) but displaced
with reference to it. The productD (x y z) x ^(x + u, y + v, z + w) will usually
be small p taut if u, v, w, are the components of the vector between two of the atoms
in the structure then one maximum of the distribution P  f x y z) coincides with
another maximum x 4- u, y + v, z + w). This also occurs if u, v and w are zero
or any multiples of the lattice translations of the crystal. Patterson took a
function i^  I  p'l
j I p  (x y z) jp (x + Up y + Vp 2 + w)dxdydz (9)
O Jo Jo  ^ :
Since P(u v w) is periodic it can be expressed as a Fourier series. From 
(6) and (9)
P(u V  w) = I  r  /  [  2 , 2  2  L  1 , 2 :  k l)exp[--2ji:i(h3r + ky + Iz)]
Jn -in h k 1 h ® k ® 1 ®I I zh 4o ® k  1
X F(h®k®l®) exp [-2?{i(h'x + k'y + 1 "z)] exp [~2iti(h''u + k®v + l^w)] dx dy dz (10 
The right hand side of this equation again equals zero, unless 
h 5^ -h', k - k %  1 = -1*
If this is the case then
1 VI V": _ _ _p(u V w) = y A  F(h k 1) F(h k 1) exp[ -'2TCi (h'u 4 k ® v + 1 ®w)] (11)
h k 1 3s
But F(h k 1) and F(h k 1) are complex conjugates and therefore 
P(u V w) = |F(h k l| exp[2TCi(hu + kv + Iw)]
h k 1 ss
For all positive values of u, v, w, P is real ; therefore
1 V  ■ 'fc-ât 0 I oP (u.V w) " |F(h k 1)| cos[27t (hu + kv + lw>] (12)
h k 1 =
This is the Patterson series, and it can be seen that the coefficients 
are now proportional to the intensities of the spectra, that is to a measurable 
quantity. When this series is evaluated it gives a density distribution which
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is periodic with the periodicity of the crystal, has maxima at the origin
and at points related to it by lattice translations of the crystal and
subsidiary maxima at vector distances from the origin equal to the
distances between every pair of atoms in the crystal. It can thus
be used to calculate the positions of atoms in the unit cell.
This enables a molecular structure to be postulated, and the structure
factors arising from this structure are progressively improved until they
match those obtained experimentally.
In other words, the determination of a crystal structure involves
postulating a structure whose theoretically calculated diffraction
pattern is similar to that obtained experimentally.
In practice the Patterson series can be difficult to interpret,
peaks can overlap, too much symmetry can exist and a very heavy atom
2can swampt the rest of the peaks. Marker however has shown that in 
some cases the Patterson can be less difficult to interpret when the 
series is of crystals with certain symmetry elements. For example, 
if a crystal has a 2-fold rotation axis, say the b-axis, then for 
any atom with co-ordinates x y z there is another with co-ordinates 
X , y , z  and the vector between these 2 atoms has components (2x,0,2z).
The position of the corresponding peaks can thus be found from
the y = o plane of the Patterson, this plane is called the Marker
Section, If the crystal is in space group P2g then for every atom
at (x y z) there is one at (x, y + J, z) and so when y ~ J (Marker Section) the
peaks due to vectors from these 2 atoms can be identified. In both'
6o
structures analysed the Barker section was used to Identify peaks 
and vectorse
The quantity actually measured In X-ray analysis gives the 
Integrated Intensity I (h k 1) of the diffracted beam, for each
reflection. This Is related to the observed Structure Factor simplltude
, ' 3;F (h k l)!by tne equation^s
(calculated on the basis of the klnematio theory and assuming a 
perfectly mosaic crystal)
[  p \ 2  ,I(h k 1) = K(h k E Qd¥ = ( He_f _j  Lp
V me'*
B(h k 1) Is total diffracted energy at h k 1 , I Is 
Intensity of the Incident X-ray beam, dV is the volume of crystalSg (ihls 
Is assumed small and absorption effects are therefore neglected & W  
Is the angular velocity of the crystal, which must be rotated through 
the region of the Braggs reflection and N is the number of unit cells 
per unit volume@ c the polarisation arises because the original 
expression assumes a plane polarised incident X-ray beam. The 
characteristic incident beam Is however unpolarlsed and there is, therefore 
a reduction In intensity by a factor p which
« i [1 4 Gos^2e]
L is the Lorentz factor and is a measure of the relative time opportunity
for the various crystal planes to reflect X-rays. It is therefore
dependent on the experimental method. For equi-lnclinatlon Welssenberg
2geometry, the L factor equals 1/Cos where the axis of rotation
of the crystal makes an angle (tr/2 «p» ) with the incident beam and where Y  
is the projection on zero level of the angle 20 between the incident and
reflected beams. Therefore with radiation of wavelength equation(13) can
i 9 2 - Ioe rearranged and gives | F^(h k 1)| = constant x (LP) I (h k 1) (14)
6 I
Hence the Patterson series can be evaluated using values
' p pi F.(h k 1) I ■“ obtained from equation (14),
The calculated Structure Factors are obtained from equation 
which includes the scattering factor f = This latter is a measure of the 
efficiency of the nth atom in scattering X-rays and is defined in such a 
way that the aLOm scatters f times as much as a single electron. The
scattering ia»;tor is also a function of gin Ay and as 0 goes to zero
/•
f goes to z where z is the number of elet,trons in Lhe atom, f n n n n
decreases If. 8 increases because waves scattered by electrons in 
different parts of uhe atom will Interfere destrwCtively, International 
Tables for X«ray trystallograph^p^ glv% values for atomic scattering 
factors and curves, *or most atoms, calculated by using various atomic 
models. However, these models assume that the atom is stationery
at rest and that the »le,^troM density is distributed spherically 
d symmetricallyo Thermal motion arising from temperature ©acists 
and the scattering or form factor f must be modified to take it into 
account@ Thermal motion will also reduce F (h k 1) because two equivalent 
aloms will no longer scatter in phase, since tiaoy are displaced from their 
true position®, The modlfieu splattering factor is given by = f
"B Sln^0/l (1^) where B the temperature factor = ^ir 2 ^
4 5the mean square atoml»; displacement ^ , B is difficult>to estimate 
or calculate theoretically and may b@ found lor each atom by comparing 
|P^(h k l)| with k 1)| for successive refinements in a trial
structure or from an electron density map,^ Equation 415) however 
assume&ÿ isotropic thermal vibration and in refining a structure CruickshanA 
has shown that it jis necessary to assume ellipsoidal anistropic 
mOklon, The scattering ia,w;tor now becomes
f e%p « * B,, 1^ + hk -e B__ kl + B_, hi 'on 11 && Ic 25 '
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The six température factors for each atom define the principal axes 
and direction cosines of the ellipsoid which is one of vibration in real 
and reciprocal space.
Refinement
The method of least squares can be used to refine a structure. This 
method^ varies the atomic parameters so that
R ^ 2jW(h k l)(|F^(h k 1)| - |'F^(h k 1)|.)^
where W(h k 1) is the weight for each term, F^(h k 1) the observed
structure factor and F (h k 1) is the calculated structure factor. Thec
summation is over the set of crystallographically independent observed
planes, R can also be written as
R = ^ W ( h  k 1 ) A ^ ( h  k 1)
where A  (h k 1) = jjp (h k 1)| - (h k 1) 1|.
If u^ u^ u^ are the n parameters occurring in the j F^ j whose
values are to be determined then R will be a minimum when
R 
' j
that is when
W(h k 1) A ( h  k 1) — — = 0 (17)
t )  Uj
The n parameters may also include temperature factors, scale factors, extinction 
coefficients, as well as atomic co-ordinates.
Equation (17) alone must be satisfied by the chosen parameters. For a
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trial set of values of the u _ close to the correct set, the normal equations
for the corrections 6 . to the parameters u. are the n simultaneous linearJ J
equations
n
^   ^ k 1 )
i=l ^
à(h k 1)W(h k 1)
W(h k 1) A  (h k 1) 1 — (18)
" j
where the vZj(h k 1 y  ^ u ., etc,, are evaluated for the trial parameter/  J
values. In equation (18)
j u .  u u .J J
if the above representation for R is used.
Solution of the matrix arising from equation (18) is simplified by
making some assumptions
i) no interaction between parameters of different atoms,
>|F
i.e, terms of the t#pe " = 0 for i i
ii) no interaction between the co-ordinate parameters and temperature 
parameters for the same atom, i.e, terms of the type
'5 b e !  b b c l
Ô ^  Pj
9This is called the block diagonal approximation.
The shifts are multiplied by a fudge or damping factor because the 
calculated shifts are generally too large. The iterative procedure of
6  4-
least squares refinement is followed until ^  W ^  has minimised, 
an Indication of the agreement between and F^ being given by R,
the reliability factor
b o l  - b j
A,^(i K Q g
In carrying out a refinement the choice of weighting scheme is 
important, since a good weighting scheme gives the least squares method 
an advantage over the Fourier method.'in accuracy, but a bad one can give 
very misleading results. In order to obtain the most accurate parameters 
with correct standard deviations
W (h k 1) ss 1 ^(h k 1) where 0"' ^ n V n n
is the variance of « ( | F^ | - I ^ c  ^n  ^'
In practice absolute estimates of the weights a re  usually not known in
advance and relative estimares are made, taking into account both the accurac
\ I ! jof |F^| and the appropriateness of the calculated model on which the are
based. The weights are often estimated by approximating to a simple function
of I F I since the uncertainties are often more dependent on random errors in i o  '
I F I than on any other factor. It is important to ensure that values of; o !
^ n  ^n^ are constant for any group of j F^ | *s and the one used in refining 
the second structure in this present work was one derived by Hughes^
** *,2„“1 * **W = l + >[ ( k F  - F / F ) ]  where F = 8F . and F = 5F .o m m  m m
The weighting scheme used in the first structure (diffractometer data)
was that devised by Killean and Lawrence^^, This calculates absolute
weights by taking into account random errors which are encountered in a
diffractometer experiment. These errors are due to counting statistics,
random setting errors and random errors arising from errors in the scattering
or form factors caused by bonding between atoms. If the first two errors
11are taken into account it has been shown that
2
—  = ^  1  ^ + CTL^(h) where (Tl^(h)W(h) 2 -■ 1 —
2is the variance of F(h) due to counting statistics alone and cfl (h.)
the variance due to random instrumental setting errors. The latter are
^  2 a i! 2of the form CTl (^) = c |F(h) | where c is a constant. An error in
the eqlpuigted stypctyre faptpr qri§es frpm the errors in the scattering
ewfves m û  Killean m û  Lawrenee t&ke this intg aeeeunt m û  derive
2 1 â term whlgh they include in the m p v m ë i m  fer
The errer in the spattering faster gwrves i§ ef twe main typee, the first 
ha§ a gyitematio effeet m  F (h) and is due te the ieelated atem medel whieh 
Ig used te compute the eurves, the second type ha@ a random effect upon the
6 h
structure factors and arises because each atom will have its electron
cloud distorted in a different way from the free-atom shape. This Is
highly assymmstric and arises when atoms are bonded to one another,
Killean and Lawrence' take an expression
F(h) = ^  ^ 8 ^Trlh.r where
f(h) is the ®tisolated atom" scattering factor and @ ( h )  is the correction
to be applied to f(h) due to the bonding of the atom. They then assume
15(h)' = k f (h) and
hence F(h) = E f(h) exp 2^^ Ih.r + Z ks.f(h) exp^  J
where s . = - 1 since $ (^) can be positive or negative.<]
The second term of this expression gives a variance
ff  ^ (|Mh)| > = k \  Tf(h)')^> =k^<Îf(h)i
3 'and this is a measure of the variance of |F (h)| due to the bonding of the
atoms. Thus now
^ =cf^(h) = e 2^(6 ) + ty 2 ^(h)
" ftp I ^ f
2Where a  ^  (h) is described for a constant time experiment and I is the
integrated peak count and B the background count and k is the average
fractional error in the scattering curves due to the environment of the atoms,
1?The G-factor for a structure is defined as
-  ^|& (h)f
thus G^ = s  (h) + < r / ( h )  ♦ ffii
h - —  - —
E ÎF C à /
2  P P ; + + k
6 7
P 2  2  Por 6 “ « S s- c + k" :: Mo Since c and k are taken as constants then 
? P(G ' = S ') should have the same value M over ranges of 
The weight of a structure factor is now given by
* CM -  k*^) :FCh): ^ < ;F ( h ) ;
W(h) 4Lp (I - B)
If a structure has been refined using a reasonable weighting scheme then
the (h)} from the last cycle of refinement can be combined with varrloms
2sets of weights obtained by allowing k to vary from zero to M, The 
of which gives the minimum value of thfa stage is
then used to continue the refinement with weights on the absolute scale.
At the conclusion of refinement if accurate
estimate of the random errors present then
Ew(h) |A ( h ) | ^
m - n
where n is the number of independent structure factors and n is the 
number of parameters being refined,
linear Diffractometer
A Hilger and Watts linear diffractometer was used to collect 
Intensity data for the first structure, that of 2 - phenyl - 2 = oxo ™
5,5, - dimethyl <= 1,5,2 = dloxaphosphorinane. This section describes the 
mechanical parts of the instrument and the techniques employed when 
operating the diffractometer,
13The linear diffractometer is an instrument for "automatic" collection 
of single crystal diffracted intensities. Basically it is a mechanical
6 S
F i g u r e  s'.i
7i
p / ( u ^ )  X I . f
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1 h.analogue of the Ewald sphere construction of a reciprocal lattice,~
According to Braggs law (2d sin @ = a X )  the condition for a group 
of planes [h k diffract radiation* wavelength A  * is equivalent to the 
requirement that the reciprocal lattice point P(h k 1) lies on the 
surface of the Ewald sphere of reflection.
A horizontal section of the Ewald sphere is represented in Figure 
The figure also indicates the two dimensional arrangement of the 
diffractometer when P(h k 1) is in the reflecting position. The 
direction of the incident beam is along AGO, C is the crystal (at the 
centre of the Ewald sphere) and 0 is the origin of the reciprocal lattice,
A«0A and B O B ®  are two of the principal axes of the reciprocal lattice 
and so the figure represents a* b* plane, OP is the reciprocal lattice 
vector d* of the reflection P(h k 1) and equals ha* + kb* ^  Ic* with magnitude 
d(h k 1) where d(h k 1) is the spacing of the h k 1 crystal planes 
represented by AP, perpendicular to d*, CP is the direction of the 
reflected X-ray beam corresponding to the reciprocal lattice point 
P(h k 1) which lies in the surface of the sphere of reflection.
On the linear diffractometer three slides represent the two 
reciprocal axes and the real axis C, The motion of the crystal and the 
detector are linked to C, The detector of fixed length («Ir.l.u,) is 
AuOithe bar CP, The crystal is pivoted at C, independently of the counter 
and is linked by means of the parallelogram COB®I to the motion of the 
carriage B along either slide OB or BP which represent b* and a* respectively. 
These slides OB and BP are pivoted at 0 and P, with OB 2 k b* and BP ha* for 
reflection P. The carriage B is moved linearly along either slide by driving
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nthe slides, the counter arm and crystal follow, rotating about the 
goniometer axis, and as reciprocal lattice points successively cut the 
surface of the Ewald sphere, the detector is always at the correct angle 
2 0 to the incident b@am«
The extension of the above to upper level data collection is shown
in Figure Kqui=incXination geometry is used since then the upper
levels are similar to the lower levels, A third slide 00® is
perpendicular to the other two* It is kept parallel to the crystal axis
C by means by the parallelogram linkage CQRO, this linkage also ensures
equal rotation about CQ and 00®* On the diffractometer the X-ray beam
is fixed and so the whole system of Figure tilted to give the correct
height of the level A O ®P; Ç ^ ^(r*l*u) - 00®* The angle tilt can be
C
Independently set atP» = sin^^g/2 so that the counter is put in the 
correct orientation at an angle (90^ - ^ ) to the goniometer axis. For 
each level, once G and u have been set, only v and 0, the angular positions 
of the counter and crystal respectively, are changed as P moves round the 
circle AO ®P* P is moved round by the usual method of linearly driving 
0®B and BP, the counter moving round the cone of semi-angle (90^-p, )*
When the reciprocal lattice of the crystal is correctly orientated 
with respect to the slide system, the normal procedure for measurement 
of the reflections is to move along successive rediprocal lattice rows 
on each level, while the stepping slide is kept at the appropriate value 
of ha* or kb^, and moves in equal steps of b* or a* r.l,u,along the other 
scanning slide. When the counter arm reaches a preset limit switch ¥ 
during a scan, the next intensity measurement is completed and the stepping
T2.
slides moves one translation. Scanning then continues and the process 
is repeated automatically until the whole level is recorded in this 
zig-zag fashiono
The integrated intensity of each reflection is measured by a
15stationary detector - moving crystal technique «, An independent
16constant speed mechanism is used to oscillate the crystal about the 
axis through the region of the Bragg reflection, enabling the usual equl- 
inclination Weissenberg Lorentz factor to be used. During each measuring 
cycle an initial stationary background count b Is taken for time t on one 
side of the reflection, a time 2t is spent counting the integrated peak N 
as the crystal oscillates and then a second background is measured for 
time t on the other side. The crystal then returns-to its original 
position. The corrected intensity of the reflection is thus
(b 4 b®)* In practice two oscillation cycles are carried out on each
17reflection using a balanced filter unit. This introduces between the 
crystal and the detector an filter for the first cycle and a f  filter 
for the second (Strontium and Zirconium respectively for the Molybdenum 
radiation), The absorption edges of the filters bracket the K^&line 
of the radiation used and thus the difference between the two background 
corrected integrated intensities gives the diffracted characteristic 
radiation. With the Molybdenum radiation, a scintillation counter was used 
as the detector. An I*B*M« card punch was used to output the results; the 
indices h,k;l of the reflection, together with ,b®^,b^,N2 »b®p,
7 3
Photographie Method of Integrating Intensities
Since the 2nd crystal had to be kept at a low temperature,
the linear diffractometer could not be used to collect intensity data
18and Instead an integrating Nonius Weissenberg camera was used.
For each equi-inclination Weissenberg level it is necessary 
to set £
a) the equi inclination angle
n S ( G /2) = SlnLtan“^(2ï/Dj J/Z,
Where the height of the level in reciprocal lattice units
(roleUo) obtainable from a rotation photograph, Y is the rotation 
film layer line height in mm, and is the diameter of the film 
cassette,
b) the shift of the layer line screens of the zero level position.
This shift is Staa p, where S is the effective radius of the screens 
(mean of the internal and external radii).
The Integrating mechanism on the camera performs two movements 
at the end of every usual Weissenberg film translation by means of turning 
a pinwheel with 14 notches through 1 no tch ,
(1) A small horixontal translation parallel to the goniometer axis
(2) A small vertical rotation about the goniometer axis.
After one complete rotation of the pinwheel the film has traversed 
14 times and 14 small displacements have been made in both directions and 
the rotational position of the film cassette returns to its original position
The horizontal displacement may be continued up to 30 times more, when
7>-
>
X
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the cassette begins to translate in the opposite directions for a 
further 14 % 30 small translations until back at its original position.
For one rotation of the pinwheel, the rotational displacement is equal 
to the total vertical displacement b and the translational movement 
is equal to one horizontal step a and up to 30 or multiples of 30 
translational steps may be taicen per exposure. Thus a complete integration 
cycle consists of 14 x 30 - 420 translations. Exposure time t for a
complete cycle is given by
t s 420 X minutes
2 X 60
where ^9 is the oscillation angle of the crystal in degrees,
2 is the number of degrees per m.m. film displacement and 60 is the 
speed of the film translation mechanism in mm3mln (equal to 2,r*p,m, 
for the driving unit).
The size of the crystal and the setting on the camera determine the 
size of the integrated plateau whose intensity is to be measured.
For a reflection recorded on film, the integrated Intensity I 
of X-rays striking the film is the effective intensity of the reflection 
in the plateau region. This is linearly proportional to the effective 
film blackening or optical density D of the plateau and is measured 
with a lKl©nius microdensitometer. The schematic diagram of the latter 
is shown in figure 3*3'
The Density D at any point is defined by Log^^Cl^/I^) where 
is the incident Intensity and I is the transmitted intensity received
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toy a solar cell and causing a deflection on the galvanometer.
The effective optical density of the plateau •= 
density of plateau = density of background
" log^^(iyip) .  log^g(iyig)
P: l O g ^ ^ d g / l p )  = lO g ^ ^ C B /P )
since and are linearly proportional to the deflections B and P 
on the galvanometer.
Thus for any reflection 1(h) is proportional to log^^ (B/P) and 
for a constant for one film* a set of relative intensities recorded 
on the film can be obtained. The film is inserted in a holder and can 
be moved by hand vertically or horizontally, A dummy film Is indexed 
and fixed above the film and aligned with it, A pointer indicates the 
spot to be measured, I was chosen for each film sothat on the lightest 
portion the galvanometer deflection v/as a maximum. The peak plateau 
region of each reflection was found by moving the film slowly until the
galvanometer showed a minimum recording. The film was then moved
vertically to either side to obtain background readings and 
the mean of these B was used in calculating the Intensity. By this 
method white radiation streaks if present are included in the background
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CHAPTER 6
X -R A Y  EXPERIM ENTAL AND RESULTS
■     —  — P"'«  " "  ii
Ilt iv in jî studied tlio  N. M .R . spectra and resu lting  coupling constants 
ol a range o f phosphorus he te rocyc lics , i t  was decided to undertake c ry s ta l 
s in ic u ire  analysis o f I wo o f these compounds, nam ely, 2 -phenyl- 2  roxo - 
1, 3, 2 -dloxaphosphorinane and 5, 5 -d im e th y l-2 -phenyl*^ 2-oxo-1 ,3 ,2 -  
dioxaphosphorinane. The purpose o f th is  analysis was to obtain non- 
ambigiious in fo rm ation  on tlie  conform ation o f die phosphorinane rin g  
and the configuration around the phosphorus atom. A lso, it  would be 
possible to ca lcu la te  d ihedra l angles fo r  die P - O - C -H  system, 
using the co-ord ina tes obtained. F igu re  6 . 1 . shows the chem ical 
constitu tion o f 5, 5 -d im e th y l- 2 -p lienyl - 2  -oxo - 1 , 3 , 2 -dloxaphosphorinane
and the labe lling  used throughout the re s t o f die chapter.
FIGURE 6 .1 .
0(0
C(i)
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Two well formed crystals of approximate dimensions 0,5 mm x 0,2 mm 
X 0,1 nun were used in the X-ray analysis of 2^oxo-2-phenyl-5,5-dimethyl ™
1 J 3j, 2-dioxaphosphorinane, They were mounted on a standard goniometer one 
about the b axis and the other about the c axis. Unit cell dimensions 
were obtained from the rotation and zero layer Weissenberg photographs. 
The photographs were taken at room temperature and copper radiation 
was used, ( /\ ~ 1,5418%).
Two angles of the unit cell were 90,0° showing the cell to be 
monoclinic and all oko reflections for k odd were absent. The space 
group must therefore be P2-j^  or P2^/m, The rest of the crystal data is 
as follows;-
Molecular formula m,p, 104°C, M.W, 226,22 a.m.u, monoclinic
5.82 ± 0.02, b = 10,23 ± 0.03, c ^ 9.70 - 0.02 A 
p = 99.0° t 5'
V = 570.48
Density calculated ~ (1,32 * 0.02) gra cm—3
Density observed = (1,30 - 0.05) gm cm ^
z, number of molecules per unit cell ^ 2
““ 1y It/ for Mo Ku s= 0,23 cm
Equi“inclination intensity data was then collected for k = 0 — >9 
on a Hilger and Watt’s linear diffractometer with the crystal mounted about 
the ^  axis. As mentioned previously, the balanced filter technique was 
used with molybdenum Ka radiation (/\ = 0.710 %) and a 30 second
oscillation motor. The data were reduced to structure factors by 
correcting for Lorentz and polarisation effects, using a programme 
written in Fortran IV for an 1130 I.B.M, computer. No corrections for
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absorption were made. The total number of reflections recorded with net 
counts greater than zero was 635,
STRUCTURE DETERMINATION
A three-dimensional unsharpened Patterson function obtained from 
a 1620 I,B,M, computer, using a programme written by G.A, Mair was difficult 
to interpret initially. Phosphorus is a fairly heavy atom and since 
peak heights are proportional to the product of the atomic numbers of the 
atoms forming the vector, phosphorus-oxygen and phosphorus-carbon 
vectors can be expected to be much higher than oxygen-carbon or carbon- 
carbon vectors. In the present structure phosphorus is bonded to four 
atoms, three oxygen and one carbon. Thus the first stage in analysis was 
to look for three phosphorus-oxygen and one phosphorus carbon vectors at 
about 1,5 X from the origin with known geometry. There were however only 
two present:
Xf/a y^/b z /c Xg/a y^/b z^/c
+0.20 +0.09 +0.10 +0.12 -0.087 -0.10
If symmetry related peaks at x , y and z and x , y i’_ were consideredX X X ^  ^
we got; four vectors with correct geometry. Using a model and putting the 
phosphorus atom on the highest peak on the Marker section (see Figure 6,2) 
y = the above vectors could be identified and co-ordinates of the atoms 
in the (P-OgC) group could be calculated. At this stage the possibility of 
space group P2^/M could be excluded.
€1
Table 6.1
Co-ordinates obtained from Patterson for 
PCOg^C) groups
X zb
Phosphorus 0.2417 0.0000 0.1542
Atom I 0.0667 0.0917 0.0792
Atom II 0.0833 =0.0917 0.2542
Atom III 0.3625 -0,0875 0.0542
Atom IV 0.4340 0.0958 0.2542
Carbon atom not identified at this stage
b Values are given in fractional co-ordinates
A structure factor calculation based on the co-ordinates given in 
Table 6,1, calculated from the four vectors gave a reliability factor R, 
(defined in the last chapter) of 0,40, The resulting Fourier summation 
enabled the carbon atom of the P-(Og-C) group to be identified and 
gave also the positions of the remaining ten carbon atoms. These, 
indicated a chain conformation for the phosphorinane ring and an axial 
position for the phenyl group. Least squares refinement (8 cycles) 
using a Hughes weighting scheme and isotropic temperature factors reduced 
R to 0,15,
REFINEMENT,
1Further refinement was carried out using the absolute weighting scheme
mentioned previously. This gives a weight W(H) for each structure factor
8 ■ Î 2|f (K)| having a variance £T'^(h) of
Cr (h) ^ a ;  I \
where I is the integrated peak count, B is the background count, C is the 
fractional error in F(h) and k is the average fractional error in the 
scattering curves due to bonding electrons.
Since, each integrated reflection was measured for only 15 secs,, the 
variance of |F(h) j due to counting statistics was fairly large and, assuming 
values of C and k of 0,0025 and 0,0010 respectively, the theoretically
expected R - index'" given by R = — was 0.11.
h ’
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When the structure was refined using this weighting scheme with the
assumed values of C and k a final R-factor of 0,134 was obtained. The
- 2value of / W(h) h I where M represents the number of observations
M-N
and N the number of variables, was 1,24, Corrected values of C and k 
were then calculated using the Q-Index defined in Chapter 5 as
2 2 2 2 At this point, of refinement, G - 0,0200 and S = 0.0153, . \  C + k = 0.0047
I 2Various values of £ j  W(h) [ A  (b.) L  were then calculated for values of C
g k  " g  “ m
and k subject to C + k = 0,0047 and the minimum value occurred when
2 2 C ^ 0,0027 and k = 0.0020.
Further refinement using these values gave a final R-index of 0.119W(h)l/l(h)' ^and a final value of /  s —  *^  — - » of 0.99. The theoretical value
M ”N
of this ternv is unity, thus the value obtained justified the choice of the 
weighting scheme. Moreover, the final R-index agrees with the theoretically 
accepted value. This value could of course have been reduced by increasing 
the time taken to measure each reflection but it was felt that sufficient 
accuracy for the purpose of the analysis could be obtained using the 30 sec. 
motor. The final value of k s: 0.04 suggests about a 4% error in the form 
factors due to bonding.
Table 6.2 gives the final co-ordinates and their standard deviations 
and calculated positions of the methylene and benzene ring hydrogens.
Table 6.3 gives the anisotropic temperature parameters and Table 6,4^the 
structure factors, observed and calculated. X a e f \ 4 c s ;  v
24.
Table 6,2
Final co-ordinates and standard deviations
Atom
0 (1) 
0 ( 2) 
0 (3) 
C (1) 
C (2) 
C (3) 
C (4)
C (5)
C (6)
C (7)
C (8)
C (9)
C (10) 
C (11)
x/a
0.2320 (10) 
0,0721 (23) 
0.1067 (32) 
0,3766 (24) 
0.1535 (40) 
0.2538 (44) 
0.4560 (33) 
0.0696 (45) 
0.3702 (47) 
0.440 (38)
0.3469 (42) 
0.4895 (52) 
0.7074 (44) 
0,7974 (46) 
0,6582 (37)
y/b
-0,0008 (7) 
0.0937 (14) 
-0.0937 (18) 
-0,0736 (15) 
0.1631 (21) 
0.0753 (23) 
-0.0008 (30) 
-0.0213 (25) 
0.1519 (29) 
0.0963 (19) 
0.2142 (19) 
0.2838 (26) 
0.2376 (30) 
0.1234 (24) 
0.0548 (23)
z/c
0,1024 (6) 
0,0715 (13) 
0.2392 (14) 
0.0613 (13) 
-0.0393 (23) 
-0,1407 (21) 
-0,0519 (20) 
-0,2062 (23) 
-0.2492 (24) 
0,2802 (17) 
0.3275 (22) 
0.4224 (21) 
0,4727 (21) 
0.4221 (18) 
0,3198 (19)
* given in bra dice ts
S5"
Atom
Table 6,2 Continued
Calculated positions of the methylene and 
benzene ring hydrogen atoms
x/a y/b z/c
H (1)
H (1)
H (3)
H (3)
H (7)
H (8)
H (9)
H (10) 
H (11)
0,0154
0,2894
0.5902
0,5361
0.1658
0.4297
0,8143
0.9777
0.7184
0,2199
0.2302
0,0689
-0.0664
0.2447
0.3760
0.2915
0.0910
"0,340
-0,0969
0.0058
"0.0058
"0,1160
0.2864
0,4616
0,5566
0,4629
0,2679
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Table 6.3
Final anisotropic temperature factors x 10
defined as exp (-JB. h,h.)I' .i  ^H ^ J
1^1 ^22 ®33 ®23 ®13 ®12
p 2261 896 915 -678 “26 -296
0 1) 2022 892 1241 -285 -202 -315
0 2) 6843 1334 943 380 1162 -488
0 3) 2905 1135 1071 67 85 -149
c 1) 4045 596 1266 133 “950 599
c 2) 5157 857 756 -37 -223 1352
c 3) 2067 2129 1357 -692 1152 -2363
c 4) 5698 933 1307 -1228 71 619
c 5) 5109 1871 1113 20 1820 -2368
c 6) 3869 799 302 -273 -54- -263
c 7) 5600 578 1253 304 3822 -252
c 8) 8081 1301 610 -1515 2313 -3376
c 9) 4192 2326 587 508 -1217 -2957
c 10) 6545 1231 329 —784 542 -2832
c 11) 2356 1543 882 1428 126 1111
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T a b le  6 . 5
Bond lengths and standard deviations based 
on co-ordinates from Table 6.2
Bond length Standard
deviation
P-O (1) 1.53 X 0,02 X
P-0 (2) 1.47 0.02
P-O (3) 1.57 0.02
P-C (6) 1,82 0.02
O (1)-C (1) 1,43 0,02
O (3)-C (3) 1.46 0.02
C (1)-C (2) 1.51 0.03
C (2)-C (3) 1,55 0.03
C (2)-C (4) 1,52 0.04
C (2)-C (5) 1,55 0.03
C (6)-C (7) 1.43 0.03
C (7)“C (8) 1.34 0.03
C (8)-C (9) 1,37 0.04
C (9)-C (10) 1.40 0.03
C (lO)-C (11) 1,37 0.D3
C (6)-C (11) 1.33 0.03
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TABLE 6 - 6 ,
0 (1 )-P -0 (2 ) 
0(1)-P -P(3) 
0 (2 )-P -0 (3 ) 
•P- 
*P-( 
0 (3)-P -C (6 ) 
P- 
P-
P“ C(6)-C(11)
angle
113 1°
106 2 °
111 4°
107 6 °
1 1 1 7°
106 jüO5
119 7°
118 -,0o
113 8 °
1 11 8 °
105 8 °
109 8 °
113 2 °
109 8°
104 8 °
114 3°
1 2 0 1 °
116 2
1 2 0 1 °
1 2 2 6 °
118 2 °
124 7°
standard
dev ia tion
0 .9
0.8
0 .9
0 ,9
0 ,9
0-9' 
0-8 
0-8
1-7
1,5 
1-8 
2 . 0'
2-0 
2-0 
1 ,7 °  
1 - 6°  
2.0  
2,0  
2.0  
2.0  
2 - 0'
O
TABLE 6 .7 .
a
D ihedra l Angles 
ca lcu la ted fro m  co-ord ina tes  o f Tab le  6 ,2 ,
180° +  4°
O' \ 41° +  4°Hax ia l
99
MOLECULAR GEOMETRY
In the solid state the phosphor,inane ring has a chair conformation which 
is slightly flattened compared with the cyclohexane ring. The arrangement 
around the phosphorus atom is approximately tetrahedral with the phenyl 
group lying in the axial position and the phosphorus-oxygen double bond
3lying in the equatorial position. This configuration occurs also in methoxy p 
4 5hydroxy and phenoxy derivatives of the compound, which indicates that this
is the sterically preferred conformation.
Bond lengths and valency angles are listed in Tables 6,5 and 6.6,
The single bonded phosphorus-oxygen distance (mean 1*55 2) and double bonded
phosphorus-oxygen distance (1,48 2) agree with those found in several
structures. Kraut and Jensen^ allot values of 1,56 2 and 1,49 2,
respectively to these bonds. They have also observed that oxygen-phosphorus-
oxygen angles increase with decreasing oxygen-phosphorus distances, it can
be seen that this is confirmed by the present results. Large valency angles
7for oxygen atoms have been found in organic phosphates and this is the case 
in the present structure. This increase in the interior C-O-P angles, 
mean value 119°, compared with 111° in cyclohexane^ causes the phosphate 
end of the ring to be slightly flattened. Calculated dihedral angles are 
given in Table 6,7,
Vo
F(<^UR£ 6 3
9/
The carbon valency angles are normal except for the C-C-C angle in the 
heterocyclic ring which is unusually small 105^, However since carbon 
co-ordinates are most seriously affected by series termination effects, 
small deviations in carbon valency: angles or carbon bond lengths are 
of doubtful significance. Bond distances in the benzene ring give an 
average value of 1,37 & and bond angles an average value of 119^,
Figure 6,3 shows a packing of the structure projected along the a axis. 
No particularly short intermolecular distances are found, see Table 6,8 
The shortest distance (3,40 A^) is between C(9) (central molecule at 
(Xp y, z) and 0(5) belonging to molecule at x, y, z + 1,
Table 6,8 
Shortest Intermolecular distances
atom o f  
m o le c u le
X,  y ,  z .
atom o f  
o th e r  
m o le c u le
d is ta n c e
inA° symmetry r e la t io n s
0 ( 9 ) 0 ( 4 ) 3 . 4 0 X y z H- 1
0 ( 1 ) 0 ( 2 ) 3 , 4 5 X y + 1 i
0 ( 5 ) 0 ( 2 ) 3 . 8 3 X y + 1 z
0 (1 0 ) 0 ( 5 ) 4 . 0 5 X y z + 1
0 ( 2 ) 0 ( 2 ) 4 . 0 8 X y + & z
0 ( 1 ) 0 ( 3 ) 4 . 1 3 X y + & z
0 ( 1 ) 0 ( 3 ) 4 , 4 5 X y + i  z
During the preliminary investigations on the crystals of 2-oxo-2- 
phenyl^lj,3 j,2-^dioxaphosphorinaney it was found that they were unstable and 
seemed to liquify on a glass surfaire at room temperature although the 
melting point of the substance was 40-45°C, Figure 6,4 below gives the 
chemical constitution of the compound and the numbering used throughout.
ff 6UR E 4 . te
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FIGURE 6 ,^ .
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CRYSTAL COOLING DEVICE
Designed by : R , H, M itch e ll 
Made by : D erek Jones
School o f Physical Sciences, U n ive rs ity  o f St, Andrew s,
%To maintain this temperature around the crystal during data collection, 
a simple cooling device was constructured see Figure 6,5, Cold nitrogen 
gas was boiled off from a large dewar using a small heating coil, then 
passed through a glass walled dewar flask and over the crystal mounted 
on a goniometer. The rate of flow of the nitrogen and hence the 
temperature round the crystal, was controlled by varying the current 
through the coil* The temperature round the crystal was maintained at 
about “-lO^C, low enough to ensure crystal stability. During the data 
collection a slight amount of frost was deposited on the tubes and it 
was felt that this coupled with possible temperature fluctuations in the 
crystal would limit the accuracy of the final structure,
A crystal of approximate dimensions 0*2 ram x 0.2 mm x 0*2 mm, 
sealed in a beryllium glass capillary was mounted about the b axis.
Unit cell dimensions were determined from rotation and zero level 
Weissenberg photographs using CuKof radiation ( A = 1,5418 A),
Integrated equiinclination Weissenberg photographs were taken for k = 0-^6
using the Nonius low-temperature divided camera with a multi-layer 
(5) pack. The intensities were then measured on the Nonius single 
spot microdensitometer* The intensities on each layer were calculated 
and placed on the same scale and the scale factors between layers 
obtained from a second crystal mounted about the c axis. The data was
then reduced to structure factors by applying Lorentz and polarisation 
factors. No correction for absorption was made and the total number of
oz
I A
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reflections was 462, Complete Crystal Data is as follows;- 
Molecular formula m.p. 4S-50^C,
M,W* 198.16 a,m,u.
Monoclinic
9,72 ± 0,03, b = 7.61 ± 0.03, c = 6.60 ± 0.03 
p = 90,5° t»5*
3ÿ = 488,20 A
Density calculated - (1,35 - ,02) gm cm
Density observed = (1,30 ^ ,05) gm cm
Z = 2
//L(CuKa) ~ 2.33 cm ^
Absent spectra; OKO when K is odd 
Space Group ; P2^
STRUCTURE DETERMINATION
A three dimensional unsharpened Patterson was calculated, as for
the previous structure. The largest peak on the Harker Section y ~ f
was assumed to correspond to the vector between the two phosphorus
oatoms in the unit cell, see Fig, 6.6, Three peaks at about 1.5 A from 
the origin of the Patterson function were taken to be the intramolecular 
vectors between the phosphorus and oxygen atoms. Thus the positions 
of the phosphorus atom and the oxygen atoms in the unit cell were
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TABLE 6,9,
IN IT IA L  CO-ORDINATES FROM PATTERSON
x /a y /b z /c
p 0,208 0 , 0 0 0 0,242
0 (1 ) 0,142 0 , 1 0 0 0,066
0 (2 ) 0,216 -0,190 0,233
0 (3 ) 0,150 0,082 0 416
P
P
TABLE 6 .1 5 , 
DIHEDRAL ANGLES ^
'O ------—  C, 1 8 0 °+ 4 °
H equa toria l
\ O C, 5 0 ° + 4 °
H . ,ax ia l
^C a lcu la ted fro m  co-ord ina tes  of Tab le  6 ,10 ,
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Table 6,10 
Pinal co-ordiretes and standard deviations
x/a y /b z/c
p 0 .2 0 6 5 (6 ) 0.0023 0 .2288(10 )
0(1 ) 0 .1597(19 ) 0 .1194(27) 0 .0 32 3 (2 7 )
0 (2 ) 0.1811 (17) 0 , 1848( 28) 0 .1945(23)
0 (3 ) 0.1171 (1 7 ) 0 . 0845( 24) 0 . 4047( 25)
0(1 ) 0 .1437(27 ) 0.3271 ( 43) 0 .0717(40 )
0 ( 2 ) 0 .0485( 32 ) 0 .3554( 45 ) 0 . 24o4 ( 48)
0 ( 3 ) 0 .1 05 4 (2 9 ) 0.2561 ( 43) 0 . 4290( 42)
0 ( 4 ) 0 .3 87 6 (3 0 ) 0 . 0703(40) 0 .2823( 46)
0 ( 5 ) 0 .4 22 6 (3 2 ) 0 .0613(38) 0 . 4896( 46 )
0 ( 6 ) 0 .5 56 9 (3 4 ) 0 . 0833( 42 ) 0 -5337( 46 )
0 ( 7 ) 0 .6 59 5 (3 0 ) 0 .1272(43) 0 .3843( 44)
0 ( 8 ) 0 .6 18 5 (3 0 ) 0 .1332(42) 0 .1 78 5 (4 3 )
0 ( 9 ) 0 .4709(30 ) 0 ,0850(43) 0.1421 ( 44)
^Standard deviations. All values are given in fractional 
co-ordinates,
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Table 6.10 Continued
Calculated positions of hydrogen atoms
Atom " 4
H (1) 0,098 0.306 -0.067
H (1) 0.239 0.364 0.102
H (2) 0,055 0.300 0.210
H (2) 0.039 0.495 0.255
H (3) 0.038 0.301 0.558
H (3) 0.206 0.326 0.459
H (5) 0.349 0.160 0.580
H (6) 0.596 0.089 0.691
H (7) 0.765 0,152 0.419
H (8) 0.690 0.032 0.045
H (9) 0.448 0.092 -0,019
i 0 0
Table 6.13 
Bond lengths and standard deviations 
based on co-ordinates from Table 6.10
Bond Length Standard Deviat
P -0(1 ) 1 .62 0.01
P -0 ( 2 ) 1 -46 0 .0 2
P-0(3) 1.58 0 .0 2
p - c ( 4 ) 1.85 0 .0 2
0(1 ) -C ( l  ) 1.48 0 .03
0 ( 3 ) -C (3 ) 1 .49 0 .0 3
0(1 ) -C (2 ) 1 .49 o .o 4
C (2 ) -C (3 ) 1 .52 0.04
C(4 ) -C (5 ) 1.37 0.04
c ( 5 ) - c ( 6 ) 1 .39 0.04
C(6 ) -C (7 ) 1 .41 o .o 4
C(7 ) -C (8 ) 1 ,44 o .o 4
C(8 ) -C (9 ) 1.37 o .o 4
c ( 9 ) - c ( 4 ) 1.36
Table 6,11
o .o 4
Temperature Factors - Isotropic
0 ( 1 ) 4 .99 ( 40) 0 ( 4 ) 4 ,3 8 (6 6 )
0 ( 2 ) 4 .62( 40) 0 ( 5 ) 2 .3 7 (6 9 )
0 (3 ) 3 .6 3 (3 7 ) 0 (6 ) 5 .1 7 (6 3 )
0(1 ) 4 , 59 (64 ) 0 ( 7 ) 4 .7 9 (6 2 )
0 ( 3 ) 4 .6 0 (5 4 ) 0 (8 ) 4 .1 7 (6 3 )
0 ( 2 ) 5 .6 1 (7 5 ) 0 ( 9 ) 5 . 84(62 )
B,
Anisotropic 
B- B. B.11 ^ 2 2  T3 3  ^ 1 2  ^ 3
399(57) 1612(113) 1908(157) -284(89) 116(7 2)
®23
-511(139)
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Table 6.14
Intramolecular bond angles and standard deviations
Angle Angle in degrees
Standard 
Deviation in 
degrees
0 ( 1 ) - P -0 ( 2 ) 109.0 1.7
0(1 ) - P - o (3 ) 102.6 1.6
0(1 ) -P -C (4 ) 107.2 1 .7
0 ( 2 ) - P -0 ( 3 ) 112.7 1 .8
0 (2 ) - P - e (4 ) 118.0 1 .9
0 (3 ) -P -C (4 ) 105.9 1 .6
P -0(1 ) -C ( l  ) 116.0 1 .8
P -0 (3 ) - c ( 3 ) 119.2 1 .9
p -c (4 ) - c ( 5 ) 116.0 1 .6
P -C (4 )-c (9 ) 119.9 2 .8
0(1 ) -C ( l  ) -C (2 ) 115.1 2 .7
0 (3 ) -C (3 ) -C (2 ) 109.4 2.6
0 ( 1 ) -C (2 ) -C (3 ) 107.5 2 .6
C(4 ) - c ( 5 ) -C (6 ) 116.4 2 .5
C(5 ) -C (6 ) -C (7 ) 121.8 3 :0
C(5 ) -C (4 ) -C (9 ) 122.8
C(6 ) - c ( 7 ) -C (8 ) 120.0 3 .0
C(7 ) -C (8 ) -C (9 ) 115.9 2 .9
c ( 8 ) - c ( 9 ) - c ( 4 ) 122.6
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found and a structure factor calculation based on these positions 
gave a reliability index of 0,40, Table 6,9 gives the initial 
co-ordinates of these atoms. From the resulting Fourier summation 
the positions of the carbon atom bonded to the phosphorus atom and of 
the rest of the atoms in the phosphorinane ring were obtained. A 
further structure factor calculation and Fourier summation gave the 
co-ordinates of the remaining atoms in the benzene ring. The reliability 
factor for all the atoms was now 0.28, The structure was refined by 
the least square technique using the block diagonal approximation and 
a Hughes weighting scheme.
Refinement with isotropic temperature factors gave a reliability 
index of 0,17. When anisotropic temperature factors were applied this 
index fell to 0.14 but negative Bu^'s and large standard deviations 
were obtained for the co-ordinates of one of the carbon atoms 0(1).
It was thought that this could be due to wrong positioning of these atoms 
but a Fourier calculation with structure factors and phases obtained 
from putting in the positions of all atoms except 0(1), 0(2) and 0(3) 
showed these latter to be in the same place as before.
In an attempt to find the source of the error, Lorenz-polarisation 
factors were recalculated and checked, but these were in agreement with 
previous calculations. A full matrix refinement programme on a 360 I.B.M, 
computer which allowed scale factors, co-ordinates and temperature factors 
to be varied at will, was now used and it was found that each layer 
needed to be separately scaled. This was done and with isotropic 
temperature factors and co-ordinates varying for four cycles the structure
( O S
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Table 6.16
Shortest Intermolecular distances
Atom of molecule
a t
X , y
atom of other
moleculf
distance
in
Symmetry
relation
C (2) 
C (1) 
C (3) 
C (2) 
O ( 1 )
0  ( i )  
O ( 2 )
P
0  ( 2 ) 
O (2)
3.33
3.87
3.99
4.07
4.09
X
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factor calculation gave a reliability index of 0.18, Anisotropic 
temperature factors were introducec for phosphorus and the index fell 
to 0.165. However discrepancies appeared in isotropic temperature 
factors for two atoms in the benzene ring;“- 0(5) had an isotropic 
temperature factor of 0.9 and 0(9) one of 6.6. When the Î 0 1 reflection 
was removed on the grounds of back stop error from the structure factor 
calculation the 0(5) value rose to 1.9. Further checking of data and 
original integrated Weissenburg photographs showed that on the zero 
level eleven observed structure factors were in error due to original 
errors in intensity measurements. These eleven structure factors were 
removed and on one cycle an R-factor of 0.15 and isotropic temperature 
factors given in Table 6.11 were obtained.
At this stage it appeared evident that the probable source of 
errors which had resulted in negative anisotropic temperature factors 
originated from three things,
1. poor quality data which was thought to be due to (a) background 
shading on photographs, (b) non-uniform integrated spots and 
(c) mis-reading of the galvanometer in a few cases.
2. varying temperature conditions for integrated Weissenberg 
experiments. The temperature depended on the nitrogen flow 
and there was no way of ensuring that this remained constant.
3. the glass tube in which the crystal had to be placed during 
the X-Ray experiments. This would increase absorption and 
no correction could be made for it.
In view of the above systematic errors it was felt that the only
106
justification for refining the structure further would be recollection
of data. This was not feasible at this stage and since it seemed
that the evidence for the phosphorinane ring having a chair and not a
boat form was sufficiently established, the refinement process was
stopped. Table 6.10 gives the final co-ordinates and their standard
deviations and Table 6,12 (in Appendix I) the final structure factor
calculation,
MOLECULAR GEOMETRY
Bond lengths and angles with their standard deviations are given
in Tables 6,13 and 6.14 and Figure 6.7 shows a view of the structure
projected down the c-axis using the method and programme of Cole and 
10Adamson . Apart from the conclusion that the phosphorinane ring has 
a chair conformation and that the benzene ring and double bonded oxygen 
again lie in the axial and equatorial positions respectively, any 
other detailed analysis of the molecular geometry is meaningless since 
the structure has now been sufficiently refined.
ISOTROPIC TEMPERATURE FACTORS
On observation of Table 6,11 it would seem that the standard 
deviations are very small. However these are deceptive, as is usually 
the case in a full matrix least square refinement. Calculation of the 
mean value of the isotropic'temperature factors gave a value of 
4.45 ± 0.48 and a standard deviation for each factor of 1,18,
I 0 7
CONCLUSION
T h is  w o rk j though i t  m ay not have proved o r  d isproved in  a con­
c lus ive  way many o f the theories  involved, has, i t  seems, opened the 
way fo r  fu r th e r  resea rch  in to m any f ie ld s . Research tha t shou ld be 
system a tic , based on sound theo ries  and showing quantita tive as w e ll 
as qua lita tive  re su lts .
I t  has been seen tha t i f  fu r th e r  d ipole moment m easurements 
o f dioxaphosphorinanes a re  c a r r ie d  ou t, th is  w i l l  pave the way fo r  
sati s fac to ry  and conv incing explana tions fo r  tlie  a x ia l-e qu a to ria l 
sh ift in ve rs io n ,
As rega rds fa c to rs  in fluencing phosphorus proton coupling 
constants, a lo t o f w ork  needs to be done. W ork tha t w i l l  incorpora te  
compounds w ith  a w id e r range o f both d ihedra l angles and e le c tro ­
nega tiv ities  o f substituents. The w o rk  tha t has been done to date seems 
a reasonab le founda.d.on reiÿ something a long the lin e s  s im ila r  to those 
which VerKade investiga ted  on the compound
X
;
H
and which is  an obv ious system  fo r  a ttaching substituents, leading to
non-amb iguous re su lts  f  ^
6 8Suggestions have been made tha t the h a lf-w id th  o f m ethyl peaks 
cou ld  be used to ascerta in  conform a tion  and th is  wou ld seem v e ry  p la u s ib le  
fro m  the present re s u l ts ,
I o g
The b ig  question as to whether coupling is  'through space' o r  
"through bond’ s t i l l  rem a ins unanswered.
F in a l ly , the X -ra y  c ry s ta l ana lys is tha t has been c a r r ie d  out 
has, I think, given inva luab le  help in  so rting  ou t ambiguous results that 
N uclea r Magnetic Resonance, while bringing them to light, is as yet 
on ly beginning to provide tlie  answer.
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APPENDIX I
STRUCTURE FACTOR CALCULATIONS FOR
1 ) 5 ,5  -d im e tliy l-2  -phenyl -2 -oxo -1 .3 ,2  -dioxaphosphorinane 
2) 2 -phenyl -2 -oxo-1 ,3 ,2  -dioxapho sphorinane
I I o
TABLE 6 . 4 -
F IN A L  STRUCTURE FACTOR CALCULATIO N 
USING PARAMETERS FROM TABLES6 .2 ,6 3
oo 1 ^ c L lc t '4 1 ^ c a lc  j H ^ o b s ,  \ iooj F , c a lc ,H Fobs
0  0 L 0  1 L 0  2 L
1 1717 3322 1 3621 4185 1 5481 5202
2 1260 604 2 3675 3603 2 2652 2433
3 807 811 3 1884 1837 3 2258 2 1 1 1
4 1018 852 4 625 695 4 1161 1036
5 423 207 5 335 205 5 1 2 1 0 1087
6 566 502 6 1092 1279 6 667 709
8 1 2 2 0 1097 7 950 854 7 856 885
9 881 799 8 664 636 8 512 497
1 0 708 804 9 458 741 9 945 914
1 0 605 535
0 3 L 0 4 L 0 5 L
2 1574 1588 2 315 453 2 566 803
4 1033 1039 3 1845 1811 3 841 739
5 1063 1190 4 1579 1687 4 1506 1527
6 403 437 5 694 727 5 3114 2995
7 472 469 6 2066 1991 6 1205 1064
8 1082 986 7 891 1 0 1 0 7 846 1 0 1 0
8 610 426
1 0 497 392
0  6 L 0 7 L 0  8 L
2 536 720 3 704 736 3 1141 1007
3 1082 991 4 2 0 1 2 2083 4 374 248
4 418 452 5 1697 1659 6 482 523
5 1255 1443 6 571 605 7 448 368
6 1442 1297 8 689 940
PûS\Tie>MS SE RE u s RS e?)
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TABLE 6,4,  (continued)
' " " 1  U c . ioo| IOC? 1 ■ " . U H  " o U c
1 0 L 1 1 L 1 2 L
0 1614 1690 0 6106 5639 0 1141 835
1 645 2 2 2 1 4654 4693 1 4669 4493
“ 1 2617 2906 "1 5781 5647 -1 1009 1 1 0 1
2 3045 2952 2 733 617 2 6017 5255
-2 1899 1780 - 2 3985 3711 ” 2 4212 4083
3 1294 1340 3 2140 1867 3 2337 2354
” 3 2539 2588 ~3 3783 3674 ” 3 1151 944
“ 4 526 325 4 841 858 4 2219 2042
5 1820 1880 -4 659 714 1707 1711
6 551 551 5 979 975 5 1033 1084
“ 6 453 355 -5 482 572 -5 1407 1278
7 827 870 6 1077 993 " 6 679 567
- 8 694 836 -7 571 657 7 610 629
9 566 355 9 787 786 “ 7 713 638
1 0 772 677 1 0 562 648 8 689 695
- 8 1097 1049
1 0 802 819
1 3 L 1 4 L 1 5 L
0 1373 1404 0 1196 1094 0 1127 1333
1 522 421 1 2598 2384 1 669 664
-1 1442 1316 "1 925 1031 -1 458 458
2 1791 1696 2 2854 2586 2 1097 1148
- 2 502 502 - 2 1304 1343 -2 1 2 2 0 1075
3 2499 2324 3 1068 1032 -3 1422 1390
-3 5412 5531 "3 266 171 4 905 961
4 581 594 4 1333 1309 “4 1584 1532
"4 2691 2652 “4 1383 1419 5 704 638
“ 5 1510 1673 5 1899 1911 “ 5 541 752
6 1009 1029 -5 1589 1569 6 969 1008
“ 6 841 813 6 772 627 “ 6 1535 1565
7 1304 1240 7 551 331 7 669 856
- 8 827 1 0 0 1 -7 738 1129 8 1569 1237
9 605 640 8 743 646 1 0 512 420
- 8 1225 1327
I t-2-
1901 F ( ,
1 6  L
1 595 633
2 836 745
- 2 763 690
-3 349 357
4 1668 1618
-4 1402 1559
5 1727 1750
-5 1643 1795
6 1274 1319
- 6 453 588
-7 969 950
TABLE 6,4.  (continued)
1 7 L  1 8  L
2 0 L
0 1373 1362
-1 1309 1302
- 2 1255 1284
3 2814 3050
-3 708 781
4 1491 1468
~4 871 836
6 1294 1394
" 6 2150 2318
7 881 793
-7 1328 1378
8 4694 365
- 8 654 455
0 413 493
1 399 583
-1 438 497
2 408 519
- 2 669 720
3 1319 1162
” 3 1058 1141
4 585 602
-4 802 935
-5 600 676
6 777 843
- 6 590 783
7 526 489
“7 517 284
2  1 L
0 1048 1 1 0 0
1 2386 2185
"•1 2199 2107
2 3331 3267
- 2 2 0 2 2 1764
3 1004 895
~3 359 362
4 1515 1445
” 4 1565 1578
5 1068 1184
“ 5 871 718
6 630 547
“ 6 802 839
7 940 799
-7 787 772
8 640 536
~8 1 1 2 2 969
0 2 21 291
-1 708 791
2 1205 1223
“ 2 590 689
3 325 351
4 561 741
"4 389 692
5 1058 1064
8 536 679
9 630 473
2  2 L
0 1028 998
1 1225 1178
“ I 782 730
2 1727 1702
~2 1397 1269
3 1619 1666
-3 2637 2500
4 1087 1026
“ 4 3218 , 2913
-5 1491 1499
- 6 1048 930
7 1358 1376
-7 699 772
- 8 620 437
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TABLE 6,4,  (continued)
2 3 L
0 787 810
-1 979 969
1 3651 3324
2 4704 4600
- 2 477 492
3 1692 1328
-3 1402 1483
4 389 529
“4 1663 1777
-5 940 954
- 6 8 8 6 1036
7 728 522
“7 1225 1515
8 541 738
“ 8 950 887
9 600 251
2  6 L
0 1328 1286
1 772 687
-1 482 605
- 2 728 624
3 600 611
-3 664 715
4 536 308
335 377
" 6 635 417
7 654 527
(CTO 1 F ) ,
2 4 L 2 5 L
0 1 2 1 0 1345 0 581 697
1 699 ' 882 1 2042 2077
” 1 8 6 6 930 -1 2184 2085
2 920 1025 2 1506 1401
“ 2 1343 1317 - 2 1747 1603
3 1018 937 3 807 829
“ 3 2932 2815 4 581 735
4 1998 1902 “4 891 766
5 467 214 5 925 857
-5 640 490 7 1186 1207
6 935 1063 “ 8 841 651
- 6 1348 1533
7 861 1046
-7 841 900
2 7 L 2  8 L
1 689 799 0 620 517
-1 1466 1364 1 974 899
2 1117 1180 2 512 436
- 2 1653 1407 - 2 822 872
-3 526 360 3 630 551
” 4 723 878 -3 1319 1449
5 605 578 4 502 364
6 502 478 “4 507 597
7 605 619 5 428 531
8 807 731 ” 5 448 253
9 556 293 " 6 389 288
“ 8 664 281
M4-
TABLE 6,4,  (continued)
^ c L ç .  I ^ c l u -  ' 4  ' * * 1  ^ c L (,
3 0 L
1 344 272
“ 1 359 351
- 2 1181 1199
3 561 330
"3 1476 1498
4 1028 1 1 2 0
“4 1545 1579
5 2106 2268
-5 433 470
” 6 428 147
-7 1461 1571
8 630 512
3 3 L
0 1358 1457
“ 1 320 245
- 2 925 955
3 664 793
-3 1683 1451
4 664 790
5 517 246
6 679 859
~6 846 845
7 659 906
“7 458 488
8 517 387
3 6 L
0 841 826
1 910 1009
-1 2273 2369
2 841 845
-2 2037 2163
4 649 403
-4 625 682
-5 477 177
6 507 423
-7 433 397
8 718 536
3 1 L 3 2 L  .
0 1063 1157 -1 1146 1130
1 413 441 2 1437 1258
” 1 679 733 -2 974 793
2 531 691 3 758 793
»2 571 734 -3 831 687
3 2239 2392 4 1127 1270
~3 768 811 “4 1314 1184
4 2745 2645 5 768 807
-4 423 422 “ 5 1 1 0 2 1239
-5 950 877 - 6 831 655
6 969 1276 7 8 8 6 709
” 6 2155 2266 -1 1 1 0 2 881
7 940 799 9 522 491
-7 1510 1560
3 4 L 3 5 L
0 379 369 0 1653 1726
1 1205 1141 1 546 643
-1 2396 2511 “ 1 8 8 6 973
2 1353 1417 2 497 435
- 2 1633 1555 “ 2 1412 1409
- 6 418 242 3 625 665
8 812 709 -3 581 665
- 8 802 783 “4 389 236
5 704 532
6 502 209
- 6 438 440
3 7 L 3 8 L
0 600 722 0 541 497
1 856 803 1 576 584
"1 413 172 -1 787 907
2 448 337 2 738 851
-3 753 691 -2 787 810
5 428 571 5 625 425
9 610 500 8 517 525
I cr
TABLE 6,4,  (continued)
f I, f
4 0 L 4 1 L 4 2 L
-1 408 559 -1 659 476 0 413 729
3 2253 2328 2 772 765 1 1 1 2 2 1175
-3 910 742 4 1127 1095 - 2 556 901
4 1456 1590 -4 1 1 1 2 1253 3 1506 1679
**5 1225 1206 5 802 872 "3 556 577
“ 6 1373 1448 •~6 467 355 4 507 789
7 950 1015 -5 802 1031
-7 753 813 7 664 603
4 3 L 4 4 L 4 5 L
0 551 743 0 1397 1411 0 689 671
1 630 478 1 1146 1244 1 413 1 0 2
-1 684 838 “ 1 399 361 -1 1565 1574
2 969 1149 -2 797 722 2 640 476
” 2 959 966 3 418 455 -2 1560 1616
4 802 533 -3 1004 972 ""4 610 879
1186 1304 4 664 580
5 989 906 6 600 489
-5 979 1026
4 6 L 4 7 L 4 8 L
0 610 746 1 708 525 2 595 335
1 807 687 " I 1117 1348 "3 600 267
-1 507 359 2 467 467 4 674 518
4 571 757 - 2 625 853 - 6 526 428
-4 477 128 "5 462 410 -8 497 329
-7 541 146 „ 6 482 203
-8 590 145
5 0 L 5 1 L 5 2 L
1 462 474 0 1314 1225 0 492 411
“ 1 831 988 1 861 826 1 831 825
-4 507 580 - 2 448 818 3 526 397
5 546 632 “ 3 743 717 "3 645 631
-5 531 2 1 0 4 699 808 4 699 504
6 669 481 “ 4 964 934
“*6 600 498 5 590 678
-5 787 950
6 635 649
I I 6
TABLE 6 ,4 ,  (continued)
,aal top I .oa| too ) («01 f \ ^
5 3 L  5 4 L  5 5 L
0 1284 1483
1 640 794
- 2 704 780
4 689 644
5 571 427
-5 551 567
” 6 585 396
5 6 L
0 615 455
1 531 356
” 1 443 349
2 576 600
-3 689 300
4 748 371
“4 753 670
6  1 L
-1 566 582
- 2 699 458
 4 L
1 600 432
“ 1 615 621
2 585 540
“ 4 1643 1246
“ 5 758 660
-7 610 282
5 8 L
4 551 217
6 738 217
6  4 L 6  5 L
1 708 534 0 600 140
600 176 1 507 398
-5 571 296 -7 536 429
1 620 788
3 733 462
6  0 L
0 881 569
-3 959 1175
“ 6 620 205
6  2 L  6  3 L
0 738 632 0  590 250
■4 576 181 -5 507 342
6  8 L  
-2 590 384
n ?
Table 6.12
{==0,1==1 10|F 1 o 10 |P o l
0 1 0 6
1 359 358 0 58 562 568 622 1 137 134:5 189 193 2 45 674 285 345 3 76 945 .70 48
6 114 36 0 0
7 102 94 ■
2 53 730 2 3 491 4364 276 286, 1 144 139 5 234 2162 119 1]>8 6 4o 435 158 179 7 52 656 95 81 8 63 618 71 59
0 10
-2 282 2490 177 190 -4 219 1952 152 l 4 l -5 145 1423 139 107 -6 284 2384 119 111 -8 90 765 80 42 -9 148 1306 278 265 -11 52 887 99 10^
0 20 4
-1 48 540 140 l 4 l - 2 198 2231 87 85 -4 254 2342 67 45 -5 234 238:5 106 95 -6 36 265 242 224 -7 351 3416 40 22 -8 29 37-9 28 140 5 -10 91 96
0 140 126 0 31 81 502 166 149 -1 33 483 85 86 -2 69 575 41 28 -3 266 277
-5 140 160-6 195 195-7 29 43-8 113 119
-9 28 50
0 4
-1
-2
-3-4
-5-6
-2
-3.4
■5-6
-1
-1
-2
-3
2
34
56
1
2
34
56
78
-1
-2
-3-4
0
0
5
6
0
57l 8 8 i
6 i
87
79
29
87
69
86
2 9
9 0
2 5 9
41
1 7 940
410
208
3 6 5
28
98
68 
260 
) 1 1
212 
21 1 
89 
108 
82 
1 2 7  
2 4 9  
220 
1 1 1
5 6
1 7 6
5 8
115
108
3 2
3944
85
11 
101 
2 5 4
2 5
1 3 6
3 0
4 3 3
218
3 2 6
1 4
1 3 0
61
248
2 8 9
186
1 9 964
69
82
145
263
173
56
1 2
0 55 66
1 240 ■ 237
2 239 219
3 161 664 232 261
5 121 87
6 109 107
-1 249 274
-2 133 110
-3 232 234-4 172 132
-6 139 132
1 3
0 157 177
1 177 187
2 161 126
3 157 1754 179 1595 217 231
7 107 54
-1 109 79-2 166 188
-3 l4 i 127-4 131 134
-5 l44 126
1 4
0 77 104
1 139 1072 95 964 98 108
5 59 596 107 123
-1 152 176
-2 106 71
-3 181 132-4 108 112
-5 53 54-6 83 119
3
1
2
3
-2
■34
"5-6
3 0
-1
-2
-34
-5-6
■7.8
1
2
34
0
-2
-34
-6
-7-8
1
2
34 
6 
7
3 1
35
35
103
119
97
143
42
136
54
1 1 2
64
59
9278
8 i
11548
101
52
91
129
46
516 l
90
46
1 3 0
34
1 0 2
1 2 3
7 0
1 0 5
9 0
101
48
5 0
3 4
67
124
79
109
55
132
88
16768
60
97
77
53
9948
65
62
89
151
37
29
68
82
55
l4o
09
8 3
1 1 0
91
1 0 Ô
81
116
49
0
-1
-2
-3
-5-6
-7
1
2
34
56
0
-1
-2
-34
-5.6
1
2
34
56
0
.1-2
■3
1
2
3
3
3
6
160
39
7 2
62
75
3 4
1 1 066
55
39
51
108
41
3 6
3 2
3181
5768
7 6
52
53
4 5
9048
84
8524
96
24
5868
68
34
63
119
13
78
63
65
40
91
7 2
77 
11 
25 
1 2 2  
37
i 8
84
55
57
12
77
76
48
59
31
109
48
86
101
13
98
31
51
89
61
35
74
0
34
56
7
0
1
2
34
56 
-1 
-2 
-3
0
1
2
34
56
7
-2
-3
0
1
2
34
56 
-1 -2
-3-4
-6
4
135144'
94
4o
98
73184
109
186
170 
48
145
171 
54 
73
101
23
l4 l
157
59
85
7766
116
126
81
74
138
53
1 3 542
61
1 3 7
55 
111 
101 
42 
111
163
1 3 6
89
39103
68
1 9 9T13
181
1 5 7
39
137
209
20
63
1 2 3
6 7
142
1 5 7  
31 
111 
98
67
142
144
95
43148
29
121
3 8
64
768
31
1 4 5
1 3 341
94
0
1
2
3-1
■3
.4
-2
-3~4
-9
0
-1
-2
-3
-4
-5.6
-7-8
1
2
34
56
78
0
-1
-2
-3-4
-5-6
-7
1
2
4
56
0
5
103
89
71
5998
64
63
78
1 3 9
1 1 2
82
38
63
147
95
59
121
35
20
51
71
1 1 2
i 4o
85
108
4o
81
78
54
17186
59
129
44
89
28
107
151
93
76
57
79
69
61
51
117
2964
67
i4o
83
67
54
8513888
73
105 
27
39
57
89
107
140
98
117
49106
79
64
195
76
66
118
41
7904
117168
1 2 2
75
71
n 8
6
0
-1
—2
-4
-5-6
1
2
3
125
71
137
94
7564
45
14266
101
149 
77 
1 ^ 8  
88 
67 70 
79 146 
3 6  
108
0
-1
-2
-3-4
-5~6
-7
1
2
-2 -2
1 0 3
1 0 2
-2
-2 1 2 5
1 1 7
1 0 7
3
4
97 
92
1 0 2
I 4 l
127
28
69
72 
78
98
73 
19 
75
129
69
96
88
3 4
83
95
4 5
4 5
1 9
4 5
37119
4 7
39
4 9
5946
4o
4 5
34
51
49
111
92
91146
121
3 8
63
69
49
74
51
20
1 0 5
1 3 0
65
1 0 8
95
4 3  88 
101 
18
51
12
44
31
1 2 0
24
25
47
51
45
52
43
17
51
58
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